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Abstract

This report contains the results of the Workshop on the CKMtaity Triangle, held at CERN on
13-16 February 2002, to study the determination of the Qabiliobayashi—-Maskawa (CKM) matrix
from the available data of K, D, and B physics. This is a coledecument with chapters covering the
determination of CKM elements from tree-level decays anéid B-meson mixing and the global fits
of the unitarity triangle parameters. The impact of futureasurements is also discussed.
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Foreword

This report contains the results of the Workshop on the CKNtauity Triangle that was held at CERN
on 13-16 February 2002. There had been several Workshopsphiydics that concentrated on studies
ate™e™ machines, at the Tevatron, or at LHC separately. Here weghtaogether experts of different
fields, both theorists and experimentalists, to study therdenation of the CKM matrix from all the
available data of K, D, and B physics. The analysis of LEP @&t physics is reaching its end, and
one of the goals of the Workshop was to underline the redudtishtave been achieved at LEP, SLC, and
CESR. Another goal was to prepare for the transfer of respitibsfor averaging B physics properties,
that has developed within the LEP community, to the preseaitractors of these studies, from the
B factory and the Tevatron experiments. The optimal way tmluioe the various experimental and
theoretical inputs and to fit for the apex of the Unitarityafgjle has been a contentious issue. A further
goal of the Workshop was to bring together the proponentsfieirent fitting strategies, and to compare
their approaches when applied to the same inputs.

Since lattice QCD plays a very important role in the deteation of the non-perturbative pa-
rameters needed to constrain the CKM unitarity triangle, ftret Workshop was seen as an excellent
opportunity to bring together lattice theorists with thenaif establishing a working group to compile
averages for phenomenologically relevant quantities.r&amtatives from lattice collaborations around
the world were invited to attend a meeting during the WorkshA consensus was reached to set up
three test working groups, collectively known as @M Lattice Working Groupto review a humber
of well-studied quantities: quark masses, the k&bparameter, and the matrix elements relevant for
neutral B-meson mixing.

This report is organized as a coherent document with craptsering the domains of activity of
the working groups. It deals mainly with the present detaatibn of the CKM matrix in the Standard
Model with a brief outlook on the near future. The impact dlire measurements and of physics beyond
the Standard Model will be developed further in forthcomiigrkshops with the same title. Indeed, the
Workshop was conceived as the first of a series. The seconditirtake place on 5-9 April 2003 in
Durham and will focus on the results from the B-factories.

Geneva, March 2003
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Chapter 1

INTRODUCTION

M. Battaglia, A.J. Buras, J. Flynn, R. Forty, P. Gambino, RiiK P. Roudeau, O. Schneider, A. Stocchi

1. Setting the scene

The understanding of flavour dynamics, and of the relategiroof quark and lepton masses and mix-
ings, is among the most important goals in elementary paniysics. In this context, weak decays of
hadrons, and in particular the CP violating and rare decaggsses, play an important role as they are
sensitive to short distance phenomena. Therefore thendieition of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix [1,2] that parametrizes the weak charged airigteractions of quarks is currently a cen-
tral theme in particle physics. Indeed, the four parametéthis matrix govern all flavour changing
transitions involving quarks in the Standard Model (SM)e3@ include tree level decays mediated by
W bosons, which are essentially unaffected by new physiofribations, as well as a vast number of
one-loop induced flavour changing neutral current (FCN@)ditions responsible for rare and CP vio-
lating decays in the SM, which involve gluons, photonst V° and H, and are sensitive probes of new
physics. This role of the CKM matrix is preserved in most egtens of the SM, even if they contain
new sources of flavour and CP violation.

An important goal is then to find out whether the SM is able tecdbe the flavour and CP viola-
tion observed in nature. All the existing data on weak dec&ymdrons, including rare and CP violating
decays, can at present be described by the SM within thedtiearand experimental uncertainties.
On the other hand, the SM is an incomplete theory: some kintkwf physics is required in order to
understand the patterns of quark and lepton masses andgsixdnd generally to understand flavour
dynamics. There are also strong theoretical argumentsestigg that new physics cannot be far from
the electroweak scale, and new sources of flavour and CRiviolappear in most extensions of the SM,
such as supersymmetry. Consequently, for several reasamdikely that the CKM picture of flavour
physics is modified at accessible energy scales. In addifienstudies of dynamical generation of the
baryon asymmetry in the universe show that the size of CRtwwl in the SM is too small to generate
a matter-antimatter asymmetry as large as that observén inrtiverse today. Whether the physics re-
sponsible for the baryon asymmetry involves only very shmtance scales like the GUT or the Planck
scales, or it is related to CP violation observed in expemisi@erformed by humans, is an important
question that still has to be answered.

To shed light on these questions the CKM matrix has to be mhited with high accuracy and
well understood errors. Tests of its structure, convehjgrpresented by the unitarity triangle, have to
be performed; they will allow a precision determination lué tSM contributions to various observables
and possibly reveal the onset of new physics contributions.



The major theoretical problem in this program is the preseristrong interactions. Although the
gluonic contributions at scale8(Myy, Mz, m) can be calculated within the perturbative framework,
owing to the smallness of the effective QCD coupling at sb@tances, the fact that hadrons are bound
states of quarks and antiquarks forces us to consider QCIb@distances as well. Here we have to rely
on the existing non-perturbative methods, which are nofullst satisfactory. On the experimental side,
the basic problem in extracting CKM parameters from thevegierare and CP violating transitions is the
smallness of the branching ratios, which are often veryatiffito measure. As always in the presence of
large theoretical and systematic uncertainties, theatrtment in the context of global fits is a problematic
and divisive issue.

In the last decade considerable progress in the determmafi the unitarity triangle and the
CKM matrix has been achieved through more accurate expetimshort distance higher order QCD
calculations, novel theoretical methods like Heavy Quadifkdiive Theory (HQET) and Heavy Quark
Expansion (HQE), and progress in non-perturbative metbads as lattice gauge simulation and QCD
sum rules. It is the purpose of these proceedings to sumentre present status of these efforts, to
identify the most important remaining challenges, and terain outlook for the future.

While many decays used in the determination of the CKM matixsubject to significant hadronic
uncertainties, there are a handful of quantities that atlewdetermination of the CKM parameters with
reduced or no hadronic uncertainty. The prime exampleshar€P asymmetry,, ., certain strategies
in B decays relevant for the anglein the unitarity triangle, the branching ratios fér- — 7" and
K, — n%vp, and suitable ratios of the branching ratios for rare de@ays— ptp~ andB — X, v
relevant for the determination ¢¥;,|/|Vis|. Also the ratioAM,/AM; is important in this respect.

The year 2001 opened a new era of theoretically clean measuats of the CKM matrix through
the discovery of CP violation in the B systefm,x, # 0) and further evidence for the dec&y"™ —
ntvp. In 2002 the measurement of the anglén the unitarity triangle by means af, x, has been
considerably improved. It is an exciting prospect that netacn CP violation and rare decays as well
asBY —ES mixing coming from a number of laboratories in Europe, USA dapan will further improve
the determination of the CKM matrix, possibly modifying t88 description of flavour physics.

Recently, there have been several workshops on B physi&g§ {Bat concentrated on studies at
ete™ machines, at the Tevatron or at LHC, separately. Here wesfowtead on the discussion of the
CKM matrix and its determination from all available data #fedent machines.

2. CKM matrix and the Unitarity Triangle

2.1. General remarks

The unitary CKM matrix [1,2] connects theeak eigenstate&l’, s’,b’) and the correspondingiass
eigenstated, s, b:

d, Vud Vus Vub d .
s l= Vea Ves Vi s | =Vexkm | s |- 1)
v Via Vis Va b b

Several parametrizations of the CKM matrix have been pregas the literature; they are classified
in [6]. We will use two in these proceedings: the standardapetrization [7] recommended by the
Particle Data Group [8] and a generalization of the Wolfeimsparametrization [9] as presented in [10].



2.2. Standard parametrization
With ¢;; = cos 0;; ands;; = sin6;; (i, j = 1,2, 3), the standard parametrization is given by:

0

C12C13 $12€C13 S13€
. 5 s
Vokm = | —s12023 — c12523513€"  €12C23 — $12523513€" 593C13 ; (2)
i i
512523 — C12C23513€"°  —S23C12 — $12C23513€"  €23C13

whered is the phase necessary for CP violatiefy. ands;; can all be chosen to be positive ahdhay
vary in the rang® < ¢ < 27. However, measurements of CP violationAhdecays forcé to be in the
rangel < 6 < m.

From phenomenological studies we know that and so3 are small numbers©(10~3) and
O(10~2), respectively. Consequently to an excellent accuracydbeifidependent parameters can be
chosen as

s12 = |Vus|, 513 =|Vw|, s23=1[Vs| and 6. 3

As discussed in detail in Chapters 2 and 3, the first threenpeters can be extracted from tree level
decays mediated by the transitioas— u, b — w andb — ¢, respectively. The phasé can be
extracted from CP violating transitions or loop processgsisive to|V;,|. We will analyse this in detail
in Chapters 4-6.

2.3. Wolfenstein parametrization and its generalization

The absolute values of the elements of the CKM matrix showeeahihical pattern with the diagonal
elements being close to unity, the elemejifs;| and |V,4| being of order0.2, the elementslV,;| and
|V;s| of order4 - 10~2 whereasV,,;| and|V;,| are of ordei5 - 10~3. The Wolfenstein parametrization [9]
exhibits this hierarchy in a transparent manner. It is am@pmate parametrization of the CKM matrix
in which each element is expanded as a power series in thésmameter\ = |V,,5| ~ 0.22,

A 1- 4 A AN (o —in)
V= ) X +O(\Y), @
AN (1 — o —in) —AN? 1
and the set (3) is replaced by
A, A, 0, and n. ()

Because of the smallness bfnd the fact that for each element the expansion paramedetuially \?,
it is sufficient to keep only the first few terms in this expamsi

The Wolfenstein parametrization is certainly more transpiathan the standard parametrization.
However, if one requires sufficient level of accuracy, threneof O(\*) andO(\?) have to be included
in phenomenological applications. This can be done in maayswWl10]. The point is that since (4) is
only an approximation thexactdefinition of the parameters in (5) is not unique in terms efribglected
orderO(\*). This situation is familiar from any perturbative expamsiavhere different definitions of
expansion parameters (coupling constants) are possibigislalso the reason why in different papers in
the literature differen(\*) terms in (4) can be found. They simply correspond to diffedaiinitions
of the parameters in (5). Since the physics does not depeadgarticular definition, it is useful to make
a choice for which the transparency of the original Wolfemsparametrization is not lost.

In this respect a useful definition adopted by most authothénliterature is to go back to the
standard parametrization (2) anddefinethe parameterg\, A, o, n) through [10,11]

S12 = A, 523 = AN? ) 3136_i5 = A)‘g(g - i77) (6)



to all ordersin \. It follows that

513 S13 .
0= cos 6, n= sin 4. )
512523 512523

The expressions (6) and (7) represent simply the changeiables from (3) to (5). Making this change
of variables in the standard parametrization (2) we find tK&IGnatrix as a function of(\, A, o, 1)
which satisfies unitarity exactly. Expanding next each eletnin powers ofA we recover the matrix
in (4) and in addition find explicit corrections ¢?(A*) and higher order terms. Including(A\*) and
O()\%) terms we find

A 1— A2\ A+ O\ AX3 (o — in)
V=] =A+1A2M[1-2(0+in)] 1—3X2—IXY(1+44%) AN+ 0O(N®) (8)
AN} (1 — g — 7)) —AN + LAN1 = 2(0+in)]  1— 1A%
where [10]
pe A2
529(1—7)7 ﬁzﬁ(l—j)- )

We emphasize that by definition the expression ¥gg remains unchanged relative to the original
Wolfenstein parametrization and the corrections/tg and V,;, appear only at(\") and O(\8), re-
spectively. The advantage of this generalization of thef@¥sitein parametrization over other gener-
alizations found in the literature is the absence of releearrections toV,s, V.4, Vi andV, and an
elegant change ir;; which allows a simple generalization of the so-called uititdariangle to higher
orders inX [10] as discussed below.

2.4. Unitarity Triangle
The unitarity of the CKM-matrix implies various relationstiveen its elements. In particular, we have

ViaVab + VeaVer + ViaVip = 0. (10)

Phenomenologically this relation is very interesting davblves simultaneously the elemenfs,, V.,
andV;,; which are under extensive discussion at present. Othevargl@nitarity relations will be pre-
sented as we proceed.

The relation (10) can be represented asnéarity triangle in the complex(g,7) plane. The
invariance of (10) under any phase-transformations iraghet the corresponding triangle is rotated in
the (,7) plane under such transformations. Since the angles anddi (given by the moduli of the
elements of the mixing matrix) in this triangle remain unuiped, they are phase convention independent
and are physical observables. Consequently they can bauredadirectly in suitable experiments. One
can construct five additional unitarity triangles [12] @smponding to other orthogonality relations, like
the one in (10). Some of them should be useful when the datarerand CP violating decays improve.
The areas 4 A) of all unitarity triangles are equal and related to the measf CP violationJcp [13]:
| Jop |= 2+ Aa.

Noting that to an excellent accura®y,V.; in the parametrization (2) is real with,, V| = AX3+
O(X\") and rescaling all terms in (10) by\* we indeed find that the relation (10) can be represented as
the triangle in the complefg, 77) plane as shown in Fig. 1.1.

Let us collect useful formulae related to this triangle:
e We can expressin(2«;), o; = a, 3,7, in terms of(g, 7) as follows:
27(7* + 2 — o)
@ +7) (1 -2 +7%)’

sin(2a) = (11)



A=(p.n)

C=(0,0) B=(1,0)
Fig. 1.1: Unitarity Triangle.
. 27(1 — o)
28) = 12
sin(26) = T2 7 (12)
. 20m 20n
27) = - . 13
) = s = (13)
e The lengtha”' A and B A to be denoted by, and R;, respectively, are given by
’VdV*b’ —92 —9 )\2 1 Vub
= Ui w — =(1-—)= 14
o VeaVal err=( 2)>\ Vep | (14)
ViaVid| 2 o 1|V
= =4/(1-10)2 2= 2|2 15

The angless and~ = ¢ of the unitarity triangle are related directly to the comxpdases of the
CKM-elementsV;; andV,,;, respectively, through

Via = [Viale ™™, Vi = [Viple™. (16)

The unitarity relation (10) can be rewritten as

Rye? + Rie P =1. (17)

The anglex can be obtained through the relation
a+ [+ v =180° (18)

expressing the unitarity of the CKM-matrix.
Formula (17) shows transparently that the knowledgd®f 3) allows to determinéR;, ) through [14]

1 — Rycos 3
— 2 _ —
Ry = \/1 + R; — 2R cos 3, cot vy Rismd (29)
Similarly, (R;, 3) can be expressed througRy, v):
2 1 — Rpcosy
R = \/1+Rb—2RbCOS’y, cotf = ————. (20)
Ry siny

These formulae relate strategie®;, 3) and(R;,~) for the determination of the unitarity triangle that
we will discuss in Chapter 6.

The triangle depicted in Fig. 1.1, together wjifj,s| and|V,;|, gives the full description of the
CKM matrix. Looking at the expressions f&;, and R;, we observe that within the SM the measurements

5



of four CPconserving decays sensitive td/,s|, |Vus|, |Ves| and|Vy4| can tell us whether CP violation
(7 # 0) is predicted in the SM. This fact is often used to determireedngles of the unitarity triangle
without the study of CP violating quantities.

Indeed, R, and R; determined in tree-level B decays and thro&@— Eg mixing respectively,
satisfy (see Chapters 3 and 4)
1— Ry < Ry <1+ Ry, (21)

and7 is predicted to be non-zero on the basis of CP conservingitiams in the B-system alone without
any reference to CP violation discovereddn — 77~ in 1964 [15]. Moreover one finds

_ - 1+ R} R?
m=+\/R:—0%, QZ#- (22)

Several expressions fgrand7 in terms of R, R, o, 3 and~y are collected in Chapter 6.

2.5. The special role of V5|, | Vus| @and | Vep| elements

What do we know about the CKM matrix and the unitarity trisngh the basis ofree leveldecays?
Here the semi-leptonic K and B decays play the decisive Adediscussed in detail in Chapters 2 and 3
the present situation can be summarized by

[Vis| = A = 0.2240 + 0.0036 V| = (41.5 £ 0.8) - 1073, (23)
|Vub| _ _ —4
Vol 0.086 £ 0.008, [Vl = (35.7 £3.1) - 10 (24)
cb
implying
A =10.83+0.02, Ry =0.37+0.04 . (25)

This tells us only that the apex of the unitarity triangle lies in the band shown in Fig. 1.2hN# this

Fig. 1.2:“Unitarity Clock”

information appears at first sight to be rather limited, sy important for the following reason. As
[Vusls [Ve|s |Vup| @nd Ry, are determined here from tree level decays, their valuengbove are to an
excellent accuracy independent of any new physics cotiifisl That is, they are universal fundamental
constants valid in any extension of the SM. Therefore threicige determination is of utmost importance.
To find where the aped lies on theunitarity clockin Fig. 1.2 we have to look at other decays. Most
promising in this respect are the so-calledp induceddecays and transitions and CP violating B decays




which will be discussed in Chapters 4-6. They should allovtouanswer the important question of
whether the Cabibbo-Kobayashi-Maskawa picture of CP tiaias correct and more generally whether
the Standard Model offers a correct description of weak yiecd hadrons. In the language of the
unitarity triangle the question is whether the various esrin the(g, 77) plane extracted from different
decays and transitions using the SM formulae cross eachatthesingle point, as shown in Fig. 1.3, and
whether the angle§y, 3,~) in the resulting triangle agree with those extracted froma€nmetries in

B decays and from CP conserving B decays.

IC 1.5 | K ,:
I S [Kismvy
1 j //,,/ - I,/ BO _ é 0
0 M /// —"Irl _____ 'B\% Xd V+\_)
BS= I K PR B=>-Xg ! |
IV P g,
r \‘\\\ / ,,/,/' " Bdﬁl \l\
0.5} \?l' g /‘c’k 5
o B i SPC e N K.L.ﬁ.?f_o_\_’_\?___\
: T Klo>me el
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Fig. 1.3: The ideal Unitarity Triangle

Any inconsistencies in thép, 77) plane will then give us some hints about the physics beyoed th
SM. One obvious inconsistency would be the violation of tbastraint (21). Another signal of new
physics would be the inconsistency between the unitariingite constructed with the help of rare K
decays alone and the corresponding one obtained by meandewfadys. Alsdg,7) extracted from loop
induced processes and CP asymmetries lying outside tharityitlock in Fig. 1.2 would be a clear
signal of new physics.

In this context the importance of precise measurement¥,gf and |V,;| should be again em-
phasised. Assuming that the SM with three generations amitaryt CKM matrix is a part of a bigger
theory, the apex of the unitarity triangle has to lie on thigauity clock obtained from tree level decays.
That is, even if SM expressions for loop induced processesagpy) outside the unitarity clock, the cor-
responding expressions of the grander theory must inclpgdeogriate new contributions so th@t, 77)
is shifted back to the band in Fig. 1.2. In the case of CP asynesethis could be achieved by realizing
that in the presence of new physics contributions the medsamglesy, 5 and~ are not the true angles
of the unitarity triangle but sums of the true angles and nemplex phases present in extensions of the
SM. Various possibilities will be discussed in the forthédognCKM workshops. The bettgit/,;| and
|V.y| are known, the thinner the band in Fig. 1.2 becomes, impgpthie selection of the correct theory.
Because the branching ratios for rare and CP violating dedapend sensitively on the parameter
precise knowledge d/;| is very important.

In order for us to draw such thin curves as in Fig. 1.3, we meglooth experiments and theory to
be under control. Let us then briefly discuss the theoretiaatework for weak decays.



3. Theoretical framework

3.1. Operator Product Expansion

The present framework describing weak decays is based arpdrator product expansion (OPE) that
allows short(usp) and long distancéu.,p) contributions to weak amplitudes to be separated, and on
renormalization group (RG) methods that allow us to sunmelémgarithmdog p.sp/pzp to all orders in
perturbation theory. A full exposition of these methods bariound in [16,17].

The OPE allows us to write the effective weak Hamiltonianddr = 1 transitions as an expansion
in inverse powers oMy, . The leading term is simply

% ; VermCi(p) Qi (26)
with an analogous expression f&rF’ = 2 transitions. Heré> is the Fermi constant an@; are the
relevant local operators, built out of quark, gluon, photod lepton fields, which govern the decays
in question. The Cabibbo-Kobayashi-Maskawa factgtg,, [1,2] and the Wilson coefficient§’; (1)
describe the strength with which a given operator entergitimailtonian. The latter coefficients can be
considered as scale dependentiplingsrelated tovertices@; and as discussed below can be calculated
using perturbative methods, as longais not too small. A well known example 6}; is the(V — A) ®

(V — A) operator relevant foK® — K’ mixing

Hcff =

QAS = 2) = 57,(1 — 75)d @ 57*(1 — 75)d. (27)

We will encounter other examples later on.

An amplitude for a decay of a given mesdh = K, B, .. into a final statet’ = mvv, nwr, DK is
then simply given by

Gr
V2

where(F|Q;(u)|M) are the matrix elements @f; between)/ and F', evaluated at the renormalization
scaleu. An analogous formula exists for particle-antiparticleximg.

The essential virtue of the OPE is that it allows the problémmatculating the amplitudel (M —
F) to be separated into two distinct parts: #tert distancéperturbative) calculation of the coefficients
C;(n) and thelong-distance(generally non-perturbative) calculation of the matrierebnts(Q;(u)).
The scaleu separates, roughly speaking, the physics contributiciessimort distance contributions con-
tained inC; (1) and the long distance contributions containeddi(1)). ThusC; include the top quark
contributions and those from other heavy particles such @sZvidosons and charged Higgs or super-
symmetric particles in the supersymmetric extensions@fSkl. Consequently’;(1.) depend generally
onm; and also on the masses of new particles if extensions of thar8Monsidered. This dependence
can be found by evaluating so-calledx and penguindiagrams with full W-, Z-, top- and new parti-
cles exchanges and properly including short distance Q@atsf The latter govern the-dependence

The value ofu can be chosen arbitrarily but the final result muspiedependent. Therefore the
u-dependence af; (1) has to cancel the-dependence diR;(x)). In other words it is a matter of choice
what exactly belongs t6; (1) and what to{Q;(x)). This cancellation of the-dependence generally in-
volves several terms in the expansion in (28). The coeffisi€f1.) depend also on the renormalization
scheme. This scheme dependence must also be cancelled by {a(1.)), so that physical amplitudes
are renormalization scheme independent. Again, as in $e altheu-dependence, cancellation of the
renormalization scheme dependence generally involvesaeerms in the expansion (28).

AM — F) = (F[Hea|M) = == > VexuCili)(F|Qi () [M), (28)



Althoughy is in principle arbitrary, it is customary to choogéo be of the order of the mass of the
decaying hadron. This ©(my,) andO(m.) for B decays and D decays respectively. For K decays the
typical choice isu = O(1-2 GeV) rather thai® (m k) that would be much too low for any perturbative
calculation of the couplings’;. Now sincey < My, z, my, large logarithmdn My /i compensate
in the evaluation of”; (1) the smallness of the QCD coupling constant and termsx? (In My /)",
a?(In My /p)"~! etc. have to be resummed to all ordersninbefore a reliable result fof; can be
obtained. This can be done very efficiently by renormalaratjroup methods. The resultimgnor-
malization group improvegerturbative expansion far;(u) in terms of the effective coupling constant
as(p) does not involve large logarithms. The related technicsigs are discussed in detail in [16]
and [17].

Clearly, in order to calculate the amplitudg M/ — F') the matrix element$Q; (1)) have to be
evaluated. Since they involve long distance contributmmsis forced in this case to use non-perturbative
methods such as lattice calculations, the 1/N expansioer@vN is the number of colours), QCD sum
rules, hadronic sum rules, chiral perturbation theory andrs In the case of certain B-meson decays,
theHeavy Quark Effective TheofiHQET) andHeavy Quark ExpansiofHQE) also turn out to be useful
tools. These approaches will be described in Chapter 3. IBeetb say, all these non-perturbative meth-
ods have some limitations. Consequently the dominant étieat uncertainties in the decay amplitudes
reside in the matrix element€); (1)) and non-perturbative parameters present in HQET and HQE.

The fact that in many cases the matrix elemeé@s(1)) cannot be reliably calculated at present
is very unfortunate. The main goal of the experimental stsidif weak decays is the determination of
the CKM factors Vckw) and the search for the physics beyond the SM. Without adleliestimate of
(Q;(n)) these goals cannot be achieved unless these matrix eleoznkte determined experimentally
or removed from the final measurable quantities by takinablé ratios and combinations of decay am-
plitudes or branching ratios. Classic examples are theexbn of the angled from the CP asymmetry
in B — ¢¥Kg and the determination of the unitarity triangle by mean¥&of- wvv decays. Flavour
symmetries likeSU (2)r andSU (3)r relating various matrix elements can also be useful in #8pect,
provided flavour breaking effects can be reliably calculatdowever, the elimination of hadronic uncer-
tainties from measured quantities can be achieved rarelpfi@n one has to face directly the calculation

of (Qi(k))-

One of the outstanding issues in the calculation@f(x)) is the compatibility fhatching of
(Qi(p))y with C; (). (Qi(p)) must have the corregtand renormalization scheme dependence to ensure
that physical results ane- and scheme-independent. Non-perturbative methods siiteggle with this
problem, but lattice calculations using non-perturbathetching techniques can meet this requirement.

Finally, we would like to emphasize that in addition to theltomic uncertainties, any analysis of
weak decays, and in particular of rare decays, is sensagipessible contributions from physics beyond
the SM. Even if the latter are not discussed in this docummahtrdll be the subject of future workshops, it
is instructive to describe how new physics would enter ihoformula (28). This can be done efficiently
by using the master formula for weak decay amplitudes gindt8]. It follows from the OPE and RG,
in particular from (28), but is more useful for phenomendaagapplications than the formal expressions
given above. This formula incorporates SM contributionsddso applies to any extension of the SM:

A(Decay) = > Binlgep VérmFém + Flew] + 2 BL ™ 116en]™ ™ Vitew [Gliew] - (29)
i k

The non-perturbative parametdBs represent the matrix elemeniQ; (1)) of local operators present in
the SM. For instance in the caseléf — K" mixing, the matrix element of the operatQ(AS = 2) in
(27) is represented by the parameft. An explicit expression is given in Chapter 4. There are othe
non-perturbative parameters in the SM that represent xnakeiments of operator®; with different
colour and Dirac structures. Explicit expressions for ¢heperators and their matrix elements will be
given in later chapters.



The objectmézCD are the QCD factors resulting from RG-analysis of the cqwading operators.
They summarise the contributions from scates < u < m; and 1-2 Ge\X p < m; in the case of
B and K decays, respectively. Finalli},, stand for the so-called Inami-Lim functions [19] that reésul
from the calculations of various box and penguin diagranheyTdepend on the top-quark mas%,.,,
are the CKM-factors we want to determine.

New physics can contribute to our master formula in two wehisst, it can modify the impor-
tance of a given operator, already relevant in the SM, thicugew short distance functidf,, that
depends on new parameters in extensions of the SM, such amabses of charginos, squarks, and
charged Higgs particles, or the valuetah 5 = v9 /v, in the Minimal Supersymmetric Standard Model
(MSSM). These new particles enter the new box and pengugratiss. Second, in more complicated
extensions of the SM new operators (Dirac structures) tieagigher absent or very strongly suppressed
in the SM, can become important. Their contributions arecrilesd by the second sum in (29) with
BRew, [nQCD]NeW Vi, Gk the analogues of the corresponding objects in the first suimeahaster
formula. TheVNCW show explicitly that the second sum describes generally smwces of flavour and
CP violation beyond the CKM matrix. This sum may, howevespahclude contributions governed by
the CKM matrix that are strongly suppressed in the SM but imeconportant in some extensions of the
SM. A typical example is the enhancement of the operators Witac structure$V A) (V+4),
(S —P)® (S+P)ando,, (S — P)® o' (S — P) contributing toK°- K" andBY —BdS mixings in
the MSSM with largetan 5 and in supersymmetric extensions with new fIavour violatidine latter
may arise from the misalignment of quark and squark massigeair The most recent compilation of
references to existing next-to-leading (NLO) calculaa;imrnnfgCD and[nch]NeW can be found in [20].

The new functiong7,., andG%,,, as well as the factorky,, may depend on new CP violating
phases, making the phenomenological analysis consigenaiste complicated. On the other hand, in
the simplest class of the extensions of the SM where the ftavoung is still entirely given by the CKM
matrix and only the SM low energy operators are relevant {24 formula (29) simplifies to

A(Decay) = Z Bingop Véxm [ Foum + Few) (30)

with Ffy, and FY,, real. This scenario is often callédinimal Flavour Violation(MFV) [21], although
one should be mindful that for some authors MFV means a marergeframework in which also new
operators can give significant contributions [22].

The simplicity of (30) allows to eliminate the new physicsitrtbutions by taking suitable ratios
of various quantities, so that the CKM matrix can be deteediim this class of models without any
new physics uncertainties. This implies a universal uijtdriangle [21] and a number of relations
between various quantities that are universal in this atdéisaodels [23]. Violation of these relations
would indicate the relevance of new low energy operatorgaarilde presence of new sources of flavour
violation. In order to see possible violations of thesetias and consequently the signals of new
sources of flavour violation it is essential to have a vercigeedetermination of the CKM parameters.
We hope that the material presented in this document is eamistep towards this goal.

3.2. Importance of lattice QCD

Lattice calculations of the matrix elemerit3;(1.)) are based on a first-principles evaluation of the path
integral for QCD on a discrete space-time lattice. They haaeeadvantage of being systematically
improvable to approach continuum QCD results with no addéi parameters beyond those of QCD
itself. Indeed, lattice QCD can be applied to determinegt@€D parameters — the quark masses and
the coupling constant. The most notable application oficktQCD for CKM-fitting is to the mixing
parameters for neutral kaonB£) and neutral B-mesongz and Bg). Uncertainties in these guantities
are now dominant in CKM fits. Lattice calculations are alspamiant for determining form factors used
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to extract|V,,;| from exclusive semileptonic B decays to light pseudossadarectors, and for providing
the endpoint form factor normalization needed to extftgi from semileptonic B td*) decays. With
the advent of CLEO-c, the current round of lattice calcoladi for charm physics will be tested at the
few-percent level. The charm calculations share seveafiifes with their analogues in thesector, so

a favourable outcome would bolster confidence in lattichrigpies.

In recent years much effort has been devoted to non-petivebiechniques for improvement,
to reduce discretization errors, and for renormalizatiod mnatching, to relate lattice results either di-
rectly to physical quantities or to quantities defined in sarontinuum renormalization scheme. With
non-perturbative matching, the and scheme-dependence of the matrix elem&piéu)) is correctly
matched with that of the; (1.

The outstanding issue for the lattice is the inclusion ofadyital quark effects amnquenching
Many phenomenologically important quantities have bear®being calculated with dynamical quarks.
However the dynamical quarks cannot be simulated with legildugh masses to describe physical up
and down quarks (the state-of-the-art is a mass of abquf). Likewise, thevalencequarks, whose
propagators are used to evaluate matrix elements, als@icharsimulated with physical up and down
masses. The combined extrapolations (chiral extrapaigtiof both kinds of masses to realistic values
are a major current focus of activity.

For heavy quarks the issue is to avoid discretization empooportional to positive powers of
mq a Wheremg is the mass of the heavy quark aadhe lattice spacing. Since present-day inverse
lattice spacings are in the range&ieV < a~! < 4GeV or so, mya is intolerably large for the-
quark. One approach is to restrict calculations to massamdrthat of charm and extrapolate to the
b-quark regime guided by HQET, but the extrapolation can gaicant and may amplify theng a
errors, unless a continuum limit is taken first. In the last f@ars much has been learned about how to
disentangle heavy quark mass-dependence and discatizdtects using an effective theory approach
where QCD is expanded in powersofmg, wherep, denotes other dimensionful scales in the problem,
and discretization errors are proportional to powerg.@f(so thaty should be smaller thamg and
a~1). This has been pioneered by the Fermilab group and impletday them and others in numerical
simulations for B-meson decay constants and semilept@taydform factors. Lattice discretizations of
HQET and NRQCD are also effective theory approaches whiglused in simulations. In the effective
theories one has to ensure that corrections in powetgaf, are calculated accurately, which involves
issues of renormalization and the proliferation of termghaspower ofl /m increases. By combining
lattice HQET with direct simulations around the charm m#ss)-quark can be reached by interpolation,
but this makes sense only if the continuum limit is taken fothbcalculations first. Currently, results
obtained with different approaches to treating heavy quadcee fairly well fob-physics.

An important theoretical advance in 1998 was the realipatiiat full chiral symmetry could be
achieved at finite lattice spacing, allowing the continuumd ahiral limits to be separated. Lattice ac-
tions incorporating chiral symmetry are being used notablyalculations for kaon physics, including
Bk, the AT = 1/2 rule and€' /e, where the symmetry can be used to simplify the structurehef t
calculation. However, these calculations are currentignghed and have not yet had much impact on
phenomenology.

4. Experimental aspects of B physics and the CKM matrix elemmets

In this report we will review B decay properties relevanttfte measurement of th&,;| and|V,;,| CKM
matrix elements, an8® — B’ oscillations which constraifi;;| and|V;s|, allowing to test the Standard
Model through the CKM Unitarity Triangle. However, many #@thal measurements of B mesons
properties (masses, branching fractions, lifetimes eti@)necessary to constrain Heavy Quark theories
to enable a precise extraction of the CKM parameters. Thessunements are also important because
they propagate to the CKM-related measurements as systesnats.
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4.1. B physics at colliders

In the last 15 years — before the start of asymmetric B-fé&sor— the main contributors to B hadron
studies have been symmettite~ colliders operating at thé (45) and at theZ° resonance, and also
the Tevatrompp collider (see Table 1.1).

Experiments | Number ofbb events  Environment Characteristics
(x 10°)
ALEPH, DELPHI ~ 1 per expt. 2 decays back-to-back 45 GeV b-jets
OPAL, L3 (opp ~ 6nb) all B hadrons produced
SLD ~ 0.1 ZY decays back-to-back 45 GeV b-jets
(opp, ~ 6nb) all B hadrons produced

beam polarized

ARGUS ~ 0.2 T (4S) decays mesons produced at rest
(opp ~ 1.2nb) BY andB*
CLEO ~9 T (4S) decays mesons produced at rest
(0w ~ 1.2nb) BY andB*
CDF ~ several pp collisions  events triggered with leptons

Vs=1.8TeV all B hadrons produced

Table 1.1: Summary of the recorded statistics for experiments atrdiftefacilities and their main characteristics.

At the T (4S) peak,B*B~ and BY Eg meson pairs are produced on top of a continuum back-
ground, with a cross section of about 1.2 nb. At the energyl,uzdly B* andBY mesons are produced,
almost at rest, with no additional hadrons. The constraitthe energy taken by each B meson is equal
to the beam energy is useful for several measurements waéliclom kinematic reconstruction.

At the Z° resonance the production cross sectior-i§ nb, about five times larger than at the
T (4S5), and the fraction 0bb in hadronic events, is- 22%, very similar to that obtained at tHg(4.5).
Further, at thezZ® peakB? mesons and B baryons are produced in additioBtoand B; mesons. B
hadrons carry, on average, abou76f the available beam energy, resulting in a significant badsch
confines their decay products within well-separated jetse flesulting flight distance of a B hadron,
L = ~vfcr, is on average about 3 mm at these energies. Since the magedmaultiplicity in B decays
is about five, it is possible to tag B hadrons using a lifetiang lhased on the track topology. Additional
hadrons are created in the fragmentation process which eatistinguished from the heavy hadron
decay products using similar procedures.

Finally, atpp collidersb quarks are produced predominantly through gluon-gluoiofusAt the
Tevatron energy of/s = 1.8 TeV theb-production cross section is observed to be aroundi®®hich
is huge. As the B decay products are contained in events withch greater multiplicity than at thg°
pole and as backgrounds are important, only specific chanseth as fully reconstructed final states,
can be studied with a favourable signal-to-background rati

Most of the precision measurements in B physics performedessLC/LEP startup have been
made possible by the development of high resolution Vertete@iors, based on Silicon sensors. As
the average flight distance of tthequark is of the order of 3 mm at® energies and as the typical
displacement of secondary charged particles from the grémiary vertex is of the order of 200m,
secondary particles can be identified and the decay topabghort-lived B hadrons can be measured.
The typical resolution of silicon detectors varies betweefilew and a few tens of microns depending
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on particle momentum and on detector geometry. A typical bEBvent is shown in Fig. 1.4. In spite
of a smallerZ° data set, the SLD experiment has proven to be highly commgtidue to a superior
CCD-based vertex detector, located very close to the ictierapoint.

Fig. 1.4:Abb event at LEP recorded by the ALEPH detector. The event deriisno jets containing the decay products of the
two B hadrons and other particles. In one hemisphef&.alecays semileptonicallyB. — D e 7. X, Df — KtK =+

(tertiary vertex).

The physics output from the data taken on #feresonance at LEP and SLC has continued to
improve, with a better understanding of the detector respand new analysis techniques. Better-
performing statistical treatments of the information hbeen developed. As a result, the accuracy of
several measurements and the reach of other analyses lavediesiderably enhanced.

In 1984, six years after the discovery of thiebound statel’, the first experimental evidence for
the existence oB3 andB* mesons was obtained by ARGUS at DORIS and CLEO at CESR and the B
mesons joined the other known hadrons in the Review of FRaiaysics listings. By the time LEP and
SLC produced their first collisions in 1989, the inclushiéetime was known with about 2@ accuracy
from measurements at PEP and PETRA. The relatively lohfigtime provided a first indication for
the smallness of thg/.,| matrix element. Branching fractions Bf; andB* meson decays with values
larger than about few0~3 had been measured.

In the early 90’s the B sector landscape was enriched by teeraéition of new states at LEP.
Evidence of the\, baryon was obtained in th&, — A/vX decay mode [24]. This was followed by
the observations of thBY meson, in the decaES — DI ¢~ vy, in 1992 and of thé&, baryon in 1994.
These analyses used semileptonic decays with a relatevgg branching ratio of the order of a féwin
combination with a clean exclusive final staig,(, A or Z). Using right and wrong sign combinations,
the background could be controlled and measured using ttae &election of those signals is shown
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and B hadrons, respectively. The bottom right figure shows thsipilisy of distinguishing charged from neutral B mesons

based on inclusive techniques.

in Fig. 1.5. The orbitally excited B hadroné (= 1) (B**) [25] were also found and studied starting
in 1994. These analyses were mostly based on partial reaotish, profiting from the characteristic
decay topology, and estimated the backgrounds relyingdege lextent on the data themselves.

In parallel with studies on B spectroscopy, inclusive ardividual BY, B*, BY andb-baryon ex-
clusive lifetimes were measured at LEP, SLD and CDF withaéasing accuracies (as shown in Fig. 1.6)
down to the present final precision, of a few percent.

Rare decays have been traditionally a hunting ground foClHEO experiment, which benefited
from the large statistics recorded at CESR. With aboutBRmeson pairs registered, B decay modes
with branching fractions down to 10 could be observed. The first signal for the loop-medidied-
K*~ decay was obtained in 1993. Evidence for charmless decayrafddns followed [26] (see Fig. 1.7).
At LEP, where the data sets were smaller, topological deeagnstruction methods and the efficient
separation of decay products from the two heavy mesons edla@ccess to some transitions having
branching fractions of order T0—-107° [27].
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A value close to 1% for the semileptonic (s.l.) branching fraction was not expected by theorists
in the early 90’s. More recent theoretical work suggestssméag both the s.l. branching fraction
and the number of charmed particles in B decays. In fact, &mhching ratio ofil0% favours a low
value of the charm mass and a value for the B branching ratiodouble charnmb — ces of about
20%. Much experimental effort has been made in recent ygateebCLEO and LEP collaborations,
allowing a coherent picture to emerge. The interplay amastg dnalyses and phenomenology has
promoted these studies to the domain of precision physite sIl. B branching fraction is presently
known with about 2 accuracy and much data has become available for fully indusemi-inclusive
and exclusive decays. Inclusive and exclusive s.|. dechyw #he extraction of|V,,| and |V,;| with
largely independent sources of uncertainties and underlgssumptions. The inclusive method is based
on the measured inclusive s.I. widths for— X, /7, interpreted on the basis of the Operator Product
Expansion predictions. The exclusive method uses prossssh a§2 — D**/~vandB~ — pfv and
relies on Heavy Quark Effective Theory and form factor deiaations. The requirements of precision
tests of the unitarity triangle are now setting objectivasfirther improving our understanding of these
decays and their application in the extraction of the CKMapagters.

The second major source of information on the magnitude efdéfevant elements in the CKM
matrix comes from oscillations of neutral B mesons.BA meson is expected to oscillate into3a

with a probability given by:PBquO(EO) = %e‘t/TQ(l + cos AM,t) whereAM, is proportional to the
q q q

15



% T T T T T

= >

™ % 8 [ T T T T

~N4r 1 o |

1) L

< - 4| .

(5] —_ L

& M ./ 1 o [[O —| ]
0 LT P I I N 1 I ileled e S LTS M| 'E 0 T] Tl TR ‘
5,200 5,225 5,250 5,275 5300 S 5.22 5124 5.26 5.28 5.30

My (GeV) w M, (GeV)

Fig. 1.7: Left Plot: theK*~ mass spectrum reconstructed by CLEO inhe~ K*~ decay modes. Right Plot : charmless B
decays observed by CLEG-r and Kr mass spectrum in thg@ — wr(K) decay modes. In dark the events with an identified

pion. The plots show the updated signals in 1995.

magnitude of thé/,, element squared. The first signals 18§ mixing were obtained in 1987 by the
ARGUS [28] and CLEO [29] experiments. The UAL experimenthet CERN $pS collider showed
evidence for mixing due to combined contributions from bBfhandBY mesons [30].

At energies around thg® peak, where botfB) andB? mesons are produced with fractiofis,
and fp,, the mixing parametek is given byx = fp,xa + fB,Xs (Wherex,s) is the probability to

observe %2(8) meson starting from 82(5) meson andp 4(s) is theBg(s) production fraction). Owing

to the fastB? oscillations, they, value is close t@.5 and becomes very insensitive fV/,. Therefore
even a very precise measuremenfofdoes not provide a determination |®f|.

It became clear that only the observation of time evolutibBb— B° oscillations, forB; andB;,
mesons separately, would allow measuremen 8f; and AM;. Time dependenBY — Eg oscillation
was first observed [31] in 1993. The precision of the measentrof theB,; oscillation frequency has
significantly improved in recent years. Results have be¢rmaebed from the combination of more than
thirty-five analyses which use different event samples ftoenLEP/SLD/CDF experiments. At present,
new results from the B-factories are also being includece @olution of the combined results for the
A M, frequency measurement over the years is shown in Fig. la8hireg, before the contribution from
the B-factories, an accuracy ef2.5%. New, precise measurements performed at the B-factoniteefu
improved this precision by a factor of 2.

As theBY meson is expected to oscillate more than 20 times fasterttiea3) meson & 1/)?)
and asB, mesons are less abundantly produced, the searcB%or ES oscillations is much more
difficult. To observe these fast oscillations, excellersotation on the proper decay time is mandatory.
Improvements in the\ M, sensitivity are depicted in Fig. 1.9. As no signal Rf} — ES oscillations has
been observed so far, the present limit implies Bfamesons oscillate at least 30 times faster tBgn

mesons. The impact of such a limit on the determination oithigarity triangle parameters is already
significant.

5. Heavy flavour averages

5.1. Motivation and history

Averaging activities have played an important role in thePLd®mmunity and several different working
groups were formed to address the issue of combining LERse3ine first working group to appear was
the LEP Electroweak WG with members from ALEPH, DELPHI, L3a®PAL, soon followed in 1994
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by theb-hadron lifetime WG. They both rather quickly felt the needehlarge their scope, and provide
world averagesather than just LEP averages, so these groups have growcltidé also representatives
from the SLD collaboration, as well as from the CDF collaliorain the case of the lifetime WG. The
B oscillations WG was formed in 1996 (once the need for combiB mixing results arose), and was
also joined by SLD and CDF a year later.

In fall 1998, the four LEP collaborations decided to credte iHeavy Flavour Steering Group
(HFS), with members from the ALEPH, CDF, DELPHI, L3, OPAL aBdD collaborations. Within the
scope of heavy flavour physics — in particular beauty physiciés mandate was to identify new areas
where combined results are useful, and coordinate the gingractivities.

The HFS quickly spawned three new working groupsdny, |V,,| and|V,;|, and also supported
or initiated activities in other areas like charm-countingb-hadron decays, determination of the
fragmentation function, and extraction of the CKM paramsetd he coordination of all these activities
resulted in better communication between experimentet$haorists and, as a product, a more coherent
set of averages ih physics updated on a regular basis [32]. In order to providddiaverages, con-
tacts have also been established with representativeherf obllaborations (CLEO, and more recently
BABAR and BELLE).

The results of thé-lifetime WG were used by the Particle Data Group from 199@ands; later
also averages from the B oscillation abdractions (1998), theV,,| and the|V,;| Working Groups
(2000) were also included. During this Workshop an Open fonas organised for an orderly hand-
over of the responsibility for heavy flavour physics worlééeges. This forum was chaired by HFS and
PDG members. As a result, in the future, after the HFS grosipedtids, these averaging activities will be
continued in the framework of a new Heavy Flavour Averagimgup [33], in which the Particle Data
Group is also taking part.

In 2000 and 2001, the HFS group has produced reports [34hiromg combined results ob
hadron production rates and decay properties from the ALERbF-1, DELPHI, L3, OPAL and SLD
experiments. A final report is expected soon after all magguits from these experiments have been
published. In the remainder of this chapter, we will give sanformation on the combination procedures
used for extracting averages for thdhadron lifetimes, oscillations parameters anldadron fractions,
|Vep| @and|V,,5|. More details as well as technical aspects can be found in [34

5.2. Averages ob-hadron lifetimes

Methods for combining-hadron lifetime results were established in 1994, follayva study [35] trig-
gered by a rather puzzling fact: the world averages foithéifetime quoted by independent reviewers
at the 1994 Winter Conferences differed significantly, @lighh they were based essentially on the same
data. Different combination methods have been develop@dij3he b-hadron lifetime WG to take into
account the underlying exponential behaviour of the prajpee distribution, as well as handling the
resulting asymmetric uncertainties and biases in lowstiasi measurements.

The b-hadron lifetime WG provides the following averages: e lifetime, the mearB° life-
time, theB* /B lifetime ratio, the meam? lifetime, theb-baryon lifetime (averaged over aHbaryon
species), the\? lifetime, the=, lifetime (averaged over the two isospin states), and varauerage-
hadron lifetimes (e.g. for an unbiased mixture of weaklyayéing b-hadrons). These averages take into
account all known systematic correlations, which are nmopoirtant for the inclusive and semi-inclusive
analyses: physics backgrounds (8g— D**{v branching ratios), bias in momentum estimates (from
b fragmentation, decay models and multiplicities, branghitios ofb- andc-hadrons p-baryon polar-
ization, etc.), and the detector resolution. ForlfeandB lifetimes, the fractions of weakly-decaying
b-hadrons determined by the B oscillation WG (see Sec. 5ldwhare used as an input to the averaging
procedure. The-lifetime averages are used as input by the other workingggdor the determination
of otherb-physics averages.
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5.3. Averages of B oscillation frequencies

The main motivation for the creation of the B oscillation W@sso combine the different lower limits
obtained onAM;. In 1995, the ALEPH collaboration proposed the so-cadetplitude methodi37],

as a way to present the M results in a form which allowed them to be combined in a shthigward
manner. Each analysis provides the measured value @ ttscillation amplitude as a function of the
oscillation frequency, normalized in such a way that a valié is expected for a frequency equal to
AM,, and O for a frequency much belotnM ;. A limit on AM, can be set by excluding a value of
1 in a certain frequency range, and the results can be cothbip@veraging the measurements of this
amplitude at each test frequency, using standard techsique

The B oscillation working group played a major role in proimngtthis method, which was even-
tually adopted by each experiment studyildg oscillations. As a result, all published papers &/,
since 1997 give thamplitude spectrumi.e. theB; oscillation amplitude as a function of the oscillation
frequency. As the individual\ M, results are limited by the available statistics (rathenthgp system-
atics), the overall sensitivity téh M is greatly increased by performing a combination of the ltesf
the ALEPH, CDF, DELPHI, OPAL and SLD experiments.

It should be noted that the sensitivity of the inclusive gsa$ depends on the assumed value for
the fraction of By mesons in a sample of weakly decayibrpadrons. This is taken into account in
the combination procedure, which is performed assumindatiest average value for this fraction (see
Sec. 5.4. below).

The B oscillation working group also combines the many mesaments ofAM,: in February
2002, 34 measurements were available from 8 different axgets. Several correlated systematic (and
statistical) uncertainties are taken into account. Syatenuncertainties come from two main sources:
experimental effects (which may be correlated amongstyaaalfrom the same experiment), and im-
perfect knowledge of physics parameters like GHgadron lifetimes and-hadron production fractions
which are common to all analyses. Since different individeaults are assuming different values for
the physics parameters, all measurements are re-adjoséetbinmon (and recent) set of average values
for these parameters before being combined.

The average\ M, value is also combined with tHg? lifetime to get a value for,, and with the
time-integrated measurements af performed at ARGUS and CLEO, to get world averagea\af/,
andyyg.

5.4. Averages ob-hadron fractions in b-jets

Knowledge of the fractions of the different hadron speciean unbiased sample of weakly-decaying
b hadrons produced in high-ener@yets is important for many physics measurements. These frac-
tions are rather poorly known from direct branching raticasw@ements: for example the fractionRy
mesons is only known with & 25% uncertainty. However, mixing measurements allow this ttaggy

to be reduced significantly, roughly by a factor

Because these fractions play an important role in time-oidga mixing analyses, the B oscilla-
tion WG was also committed to providehadron fractions (as well as a complete covariance matrix)
that incorporate all the available information. A procexlwas developed by this group, in which the
determinations from direct measurements are combinedthgtivorld average of,; and the value of
(the mixing probability averaged over athadron species) provided by the LEP electroweak WG, under
the assumption that; = 1/2 (as is known from the limit o\ M).

Theb-hadron fractions are used as input for thé/; combination procedure. Because the final
fractions can only be known once the averdg#/,; is computed (and vice versa), the calculation of the
b-hadron fractions and thA M, averaging are part of the same fitting procedure, in such atfraythe
final results form a consistent set. The fractions are aled as input for thé\ M/, combination, for the
lifetime averages, and for th&;,| average.
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5.5. Averages of V| and |V, elements

The |V,;| working group started to combine LEP results and has by naived in a worldwide effort
including results from the collaborations BABAR, BELLE, €EPand CLEO. Only the case of exclusive
b — c transitions presents specific problems. To combine thereéifit results, central values and un-
certainties onF(1)|V,| andp? have been rescaled to a common set of input parameters agesrah
values. TheF(1)|V,;| central value has then been extracted using the parantietnizd Ref. [38], which

is based on the experimental determination of fheand R, vector and axial form factors. LEP results
have been rescaled accordingly. In the averaging, thelatiores between the different measurements
and that betweerF(1)|V,;| andp? have been taken into account. The working group also prewvide
combination of inclusive and exclusive determinations.

In order to average the inclusive charmless semileptorandiring fraction results from the LEP
experiments, uncorrelated and correlated systematicseare carefully examined. The correlated sys-
tematical errors come from the description of backgroting ¢ and from the theoretical modelling of
signalb — w transitions. They are assumed to be fully correlated batwiee different measurements.
The four measurements of BRG X, /7) have been averaged using the Best Linear Unbiased Estimate
technique [39].

From this average branching fraction, using as an inputtbeageb lifetime value, the probability
density function foV,,;| has been derived. To obtain this function all the errors Heen convoluted
assuming that they are Gaussian in BR¢ X, /7)) with the exception of the HQE theory error which
is assumed to be Gaussian|fy,|. The negligible part of this function in the negative ungbgb|V,,;|
region is discarded and the probability density functiomorenalised accordingly. The median of this
function has been chosen as the best estimate ¢¥Vihevalue and the corresponding errors are obtained
from the probability density function.

6. Outline

This document is organized as follows:

Chapters 2 and 3 are dedicated to the determination of tmeeeksV, 4, V.s, Ve andV,,, by
means of tree level decays. In Chapter 2 we summarize thergrsstus of the elements,; andV,,;.
In Chapter 3 we discuss in detail the experimental and thieatessues related to the determination of
V. andV,,, from semileptonic inclusive and exclusive B decays and weudis status and perspectives

for BO—EO lifetime differences and for the ratios of the lifetime of Bdrons.

0,1
by means oK? — K’ and BY | Bd s mixings. The first part of this chapter recalls the formaliem
ek and the mass dlfferenceSMd and AM;,. Subsequently, the present status of the non-perturbative

calculations ofBy, \/BBdFBd, \/BBSFBS, and¢ is reviewed. The final part of this chapter deals with

the measurements H(c)l,s — Eg,s oscillations, parameterized by the mass differenkéd, ..

In Chapter 5 we describe two different statistical methaalste analysis of the unitarity triangle:
the Bayesian approach and the frequentist method. Subsbguee compare the results obtained in the
two approaches, using in both cases the same inputs fromt&ha&p4. We also investigate the impact
of theoretical uncertainties on the CKM fits.

Chapter 6 deals with topics that will be the focus of futureNCKorkshops. In this respect it
differs significantly from the previous chapters and cassid self-contained separate contributions by
different authors. After a general discussion of futurategies for the determination of the Unitarity
Triangle, a few possibilities for the determination of itlgées«, 5 and~ in B decays are reviewed. The
potential of radiative and rare leptonic B decays and&of- nvv for the CKM determination is also
considered.

Finally, Chapter 7 has a summary of the main results of thikshwop and the conclusion.
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Chapter 2

DETERMINATION OF
THE CABIBBO ANGLE

Convener : G. Isidori
Contributors : V. Cirigliano, G. Colangelo, G. Lopez-CastD. Paani¢, and B. Sciascia

1. Introduction

The determinations of,;| and|V,4| provide, at present, the most precise constraints on tleecsiz
CKM matrix elements. This high-precision information igraxted from the semileptonic transitions
s — w andd — u which, although occurring in low-energy hadronic envir@mts, in a few cases can
be described with excellent theoretical accuracy. In paldr, the best determination [df,;| is obtained
from K — w/v decays [,3), whereas the two most stringent constraints|Gpy| are obtained from
superallowed Fermi transitions (SFT), i.e. beta transitiamong members of &” = 07 isotriplet of
nuclei, and from the neutron beta decay. From a theoretimial pf view, the beta decay of charged
pions could offer a third clean alternative to determiivig;|; however, at present this is not competitive
with the first two because of the experimental difficulty inamering the tinyr.3 branching fraction
(~ 1078) at the desired level of precision.

In all cases, the key observation which allows a preciseetitmn of the CKM factors is the non-
renormalization of the vector current at zero momenturnrsfiearin theSU (V) limit (or the conservation
of the vector current) and the Ademollo Gatto theorem [1]e Witer implies that the relevant hadronic
form factors are completely determined up to tiny isospigaking corrections (in thé — u case) or
SU (3)-breaking corrections (in the — u case) of second order. As a result of this fortunate sitonatio
the accuracy oif, 5| has reached the 1% level and the onelgypy| can be pushed below 0.1%.

Interestingly enough, if we make use of the unitarity relati
U = ‘Vudyz + ’Vusyz + ’Vub‘2 =1, 1)

the present level of accuracy ¢, 4| and|V,| is such that the contribution ¢¥,,| to Eq. (1) can safely
be neglected, and the uncertainty of the first two terms ispewable. In other words},,| and |V,|
lead to two independent determinations of the Cabibbo dngfle at the 1% level.

In the following four sections we review the determinatiafsV, | and|V,,4| from the four main
observables mentioned above. These results are then siradhand combined in the last section, where
we shall discuss the accuracy to which Eq. (1) is satisfiednanghall provide a final global estimate of
the Cabibbo angle.
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2. Determination of | V|

The amplitudes oK (k) — w(p)fv decays can be expressed in terms of the two form facfarsthat
determine the matrix element of the vector current betwegpraand a kaon:

G e
HereC is a Clebsh-Gordan coefficient, equal t2t {/2) for neutral (charged) kaon decays, aiftlis
the usual leptonic part of the matrix element. The corredpmndecay rate reads

2

G
T(Kes) = 1o MiclVas PCRIF O PI(f4, f-) 3)

wherel(fy, f-) is the result of the phase space integration after factanrg_ (0). We recall that the
dependence of (f,, f_) on f_ is proportional to(m,/My)?, thus f_ is completely irrelevant for the
electron modesK.3). Moreover, it is customary to tradé (¢) for the so-called scalar form factgg(t),
defined as:

fot) = f+(t) +

The momentum dependence of the form factors, which is retdiea the integral over the phase space
is often described in terms of a single parameter, the slbpe-&

t
W f-(@) . 4)

™

Frot) = £:0) (14 Xe0575 ) ©

In this approximation the phase space integral dependgcilypbnly on the slope parameters, and we
use the notatiod (f, f—) — I(Ay, \o).
The steps necessary to extréié}s| from the experimental determination ff;3 decay rates can
be summarized as follows:
1. theoretical evaluation gf, (0), including strong isospin violations;
2. measurement (or, if not available, theoretical evatmtof the momentum dependencefof(t);

3. theoretical treatment of photonic radiative corredigmote that Eqg. (3) is not yet general enough
to account for these effects, see below].
The first analysis that included all these ingredients watopeed by Leutwyler and Roos [2]. In
summary, they

1. relied on Chiral Perturbation Theory (CHPT)#gp*) for the evaluation off, (0), and on a quark
model for the estimate of higher-order corrections (seevibér more details), obtaining

Ko7 (0) = 0.961 £0.008 and fX°(0)/ 5" (0) = 1.022 ; (6)

2. relied on CHPT aO(p*) for the evaluation of\, o (obtaining, in particular) . = 0.031);

3. relied on previous work on the photonic radiative coioed, both for the short- (Sirlin [3]) and
the long-distance (Ginsberg [4]) part of this contributiéor the latter, they estimated an effect on
the rate of the form

[(Ke3) = T(Ke3)(146), 6~=+1%. @)
Using all these ingredients, they finally obtained

|Vis| = 0.2196 4 0.0023 . (8)

An update of the same analysis, with substantially unchargpal numerical outcome, has recently
been performed by Calderon and Lopez-Castro [5]. On the bttred, new analytical ingredients were
brought to this kind of analysis by Cirigliaret al. [6], who did the first complet®(p?, ep?) analysis of
isospin breaking corrections in the framework of CHREténds for botk? andm,, — my).
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2.1. Electromagnetic corrections

The first observation to be made in order to account for elawignetic corrections is the fact that photon
loops modify the very structure of the amplitude:

1. The form factors now depend on another kinematical viriab
[0
Fe(t) = fa(tv) = 11+ = Lev, Arp) | f2(1)

wherev = (px — p;)? in KT decays and = (p, + p;)? in K° decays. The functiol.(v, A\;g)
encodes universal long distance corrections, dependilygoonthe charges of the external parti-
cles. This contribution is infrared divergent, hence itelggs upon the regulatdi;z. Since the
dependence on the second kinematical variable can beddabat (to a very good approximation),
the notion of effective form factof.. (¢) survives and proves useful in the subsequent analysis.

2. New local contributions appear in the effective form dastf. (0). These, together with the chiral
logarithms, are truly structure dependent correctionschvban be described in a model indepen-
dent way within the CHPT approach. Let us note here that thersal short-distance electroweak
corrections to semileptonic charged-current amplitu@es,8] belong in principle to this class of
corrections. In fact, they can be related to one of the logaptings of CHPT &) [6]. However,
for consistency with previous literature, we keep the st@ttance correction explicit, and denote
it by Sew. I1ts numerical value is fixed to 1.0232, corresponding t@reralization group evolution
betweenl/, andM,,.

The second observation is that one has to consider how iadiat real photons affects the various
observables (e.g. Dalitz Plot density, spectra, branchatigs). For the purpose of extractingy,s|,
we need to assess the effect of real photon emission to thialpsidths. As is well known, a given
experiment measures an inclusive sum of the parent modeadrative modes:

dlops = dU'(Ky3) + dU'(Kg3y) + -+

From the theoretical point of view, only such an inclusivensis free of infrared singularities. At the
precision we aim to work at, a meaningful comparison of thhemd experiment can be done only once a
clear definition of the inclusive observable is given. Inghi@e this means that the phase space integrals
are calculated using the same cuts on real photons employkd Experimental analysis.

In summary, all long distance QED effects, due to both vinleotons I['.(v, A\;z)] and real pho-
tons [dI"(K3.)], can be combined to produce a correction to the phase saeite in the expression for
the decay width. This term comes, in principle, with no tletical uncertainty. The structure dependent
electromagnetic corrections, as well as the chiral capmestto theSU (3) results, are in the form factor
f+(0), where all of the theoretical uncertainty concentrates.

Based on the above considerations, we can write the paiiti#hsvfor the/;3 modes as:

Fi :M‘VusF Sew‘fj-(o)F [i()‘+7)‘07a) ) (9)
where the index runs over the foui<,; modes (5°, K,;) and we defined
G? M3,
= K o2
N 19273 * (10)
L hos@) = Ti(hss20,0) |14+ AT, M) | - (11)

In the above relatioks,, indicates the Fermi constant as extracted from the muorydata after inclu-
sion of radiative corrections at order
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2.2. Estimates off’ (0)

The estimate of the foufj'r(o) is the key (and most delicate) theoretical ingredient inekigaction of
|Vus|. We choose to “normalize” them ﬂfo’f (0), evaluated in absence of electromagnetic corrections.
Differences between the various form factors are due tgisdweaking effects, both of stron@g(v(z))

and eIectromagneticzSé(z,pQ) origin, which have been evaluated @{ep?) in the chiral expansion (see
Ref. [6]):

FL0) = FETT0) (14 Ohya) (1+ 8ayn) - (12)

The expansion offo’ff (0) in the quark masses has been analysed up to the next-taenkeding
order [2]. At this level of accuracy we write

KT0) = 14 fot fa+ 005, (13)

where the identityfy = 1 follows from current conservation in the chiral limit. Bersz of the Ademollo-
Gatto theorem [1], which states that correctiong t¢0) = 1 have to be quadratic in th&l/(3) breaking,
local terms are not allowed to contribute g An explicit calculation gives

1 3
fo = Hyo, + o Hicen + 5 Hicey + eV3(Hyr — Hrey) (14)

whereH pg is a loop function

2MEME M}

M+ ME+ ——5In—3| ,
O ME-ME T M2

Hpg = (15)

 12872F2

ande is then® — 1 mixing angle,tan 2e = v/3/2(mg — my,)/(ms — 7). The absence of low-energy
constants in the expression ffrallows a numerical evaluation which is practically free n€artainties:

fo=—0.023 . (16)

As for f, the situation is much less clear, because low energy cdsstaBECs) of thep® La-
grangian can now contribute. Before entering the discassfovarious evaluations of4 which can be
found in the literature, it is useful to recall a model-indadent bound of (0). A sum rule discovered
in the sixties [9] implies:

0 — 2 2
O =10 (KR In)|
n#ET -
where@" is the vector charge, thys.(0) has to be smaller than one.

Various estimates of the size #f have been given:

; 17)

1 Leutwyler and Roos [2] relate this form factor at zero momenmtransfer to the matrix element of
the vector charge between a kaon and a pion in the infinite-@entum limit. The latter matrix element
is then given as a superposition of the wave functions of tmstituents of the kaon and of the pion. If
one defines the asymmetry between the two wave functionsasithctiond:

ok =1+ , (18)

the average of the square of the asymmetry (calculated walpion wave function as a weight) gives
the deviation off_ (0) from one:

FeO) =1 3()e . (19
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Instead of performing an explicit model calculation of ttsymmetryd, they only made a simple para-
metrization ofy, and estimated the parameters on the basis o$the3) rule of thumb:SU (3) breaking
effects are expected to be at the 30% level. Despite thig langount of symmetry breaking (which
yields a consistent description of the rafia /F;), the numerical estimate gf; turns out to be very
suppressed because of the quadratic dependenceyfimiag. (19). Assigning a conservative 50% error
to the effect thus found, Leutwyler and Roos finally quoted

f1 = —0.016 % 0.008 . (20)

2 Evaluations off;.(0) in a constituent quark model description of the kaon and tbe pave been
made by several authors (see Refs. [10,11] and refereneesrth In particular, the result

£+(0) = 0.96 & 0.013 (21)

can be found in Ref. [10], which also provides a good summéeadier literature on the subject (as an
estimate of the uncertainty we took the sensitivity of theuteto the constituent strange quark mash).
should be stressed that in this framework no chiral logs eanegted — the quark masses which appear as
parameters of the model are constituent quark masses arat ganish in the chiral limit. In this sense,
these models can only give an estimate of the local payiofvhereas a complete estimate ff(0)
seems to require also the contribution frgin The approach followed in constituent quark models is
internally consistent, since the parameters of the mo@edlap fixed ignoring the presence of chiral logs.
However, the potential difference of chiral logsfin(0) and the physical observables used to constrain
the model could induce sizable uncertainties. As far as wddcgee, nobody has addressed this point.
Note that this problem is absent in the estimate of Leutwsitest Roos, which consistently took into
account the chiral logs.

3 From the point of view of the pure chiral expansion, the ordygmeter-free prediction which one
can make forf, concerns the chiral logs. A first step in this direction waslenby Bijnens, Ecker and
Colangelo [13], who calculated the double chiral logs dbntron to this quantity. The size of this term,
however, depends on the renormalization sgaldy varying the latter within a reasonable range, the
numerical estimatéfy |chiral 10gs < 0.5% was obtained.

Post and Schilcher [14] recently completed a full two-loepleation of f4, which besides the
double chiral logs contains single ones and polynomialrdmtions. The latter contain LECs of thpé
Lagrangian, whose value is basically unknown, and make aerigai estimate difficult. The authors
simply set to zero the LECs of ordgf (at i = M,) and obtained

f4‘[o(p6) s o = 0018 (22)
Notice the sign difference with respect to Leutwyler and Kfend most model calculations, which
according to the sum rule (17) obtain negative results].ré& & however, no contradiction between the
two calculations: the neglecte&d(p®) constants may well give a negative contribution roughlycenas
large as the part evaluated by Post and Schilcher.

This brief summary clearly indicates the need for more thitecal work on this issue. In particular
it appears within reach an analysis that combines modelledions with the contribution of the chiral
logs in a consistent way at next-to-next-to-leading ordethe chiral expansion. Since the parameters
of the constituent quark models are usually fixed with singideervables (like the decay constants),
whose chiral expansion is already known at the required tdverecision, it appears to us that all the
ingredients for such an analysis are already availabledtitérature.

* A very similar result, with a larger uncertainty, has beguoréed more recently in Ref. [12].
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Mode BR (%) Ap Ao
K;g 4.87+ 0.06 | 0.0278+ 0.0019
Keo3 38.794 0.27 | 0.0291+ 0.0018
K+3 3.27+0.06 | 0.033+0.010 | 0.004+ 0.009
K03 27.18+0.25| 0.033+0.005 | 0.027+ 0.006

Table 2.1:K,3 branching ratios (BR) and slopes from Ref. [17]. The lifetinused as input are’,+ = (1.2384 +0.0024) X
1078 sand 7y, = (5.17 £ 0.04) x 1078 s.

0su@) (%) | be2p2(%0) | AI(A4, Ag)(%) ok (%)
K;E’, 244+0.2 | 0.32+0.16 -1.27 -0.63+ 0.32
Kg3 0 0.464+ 0.08 +0.37 +1.304+0.16
K:3 2.4+ 0.2 | 0.006+ 0.16
KDy 0 0.15+ 0.08

Table 2.2:Summary of isospin-breaking factors from Ref. [6].

In absence of such a complete analysis, for the time beingelievie that the best choice is to
stick to Leutwyler and Roos’ estimate — keeping in mind tead,, a value of, two sigmas away from
the central value in (20) is not strictly forbidden, but exthinlikely.

Let us close this section with a comment on lattice calooitesti we are not aware of any attempts
to calculatef (0) on the lattice. We believe, however, that in the long run ihike only method that
offers any hope to improve the model independent estimateeofwyler and Roos, and eagerly wait
for the first calculations. It goes without saying that thegwion required to have an impact on the
determination ol is extremely challenging.

2.3.  Numerical evaluation of|V,|

The K3 widths reported in Table 2.1 allow us to obtain four detestions of| V| -ffo’f (0) which are
independent, up to the small correlations of theoreticaktainties from isospin-breaking corrections
de2p2 @Ndd gy () (almost negligible at present, see Table 2.2). The mastenia for a combined analysis
of these modes is:

T; 1/2 1

Vasl - F£77(0) = - —1
Ni Sew Ii(Ag; 20,0) ] 14 850y + 020 + 3AL(A+, No)

(23)

The radiative correction factaix (), often quoted in the literature, is recovered in our framgwo
by combining the phase space correction and the structpendent electromagnetic corrections:

Ok (i) = 2002, + ALi(A4, M) - (24)

In the Table 2.2 we report estimates of these isospin-bmgaiairameters based on Ref. [6], and subse-
quent work on thek’%; mode!

The phase space corrections refer to the definition of phiokdasive width given by Ginsberg
(see Refs. [4,6]). The analysis of muonic modes is incoraplas the phase space corrections have

f Very recently a new calculation of electromagnetic coiter to thek’ 1. mode has been presented [18]. Although the
approach followed in Ref. [18] is not coherent with the meidelependent CHPT approach of Ref. [6], the results obtbame
numerically consistent with those reported in Table 2.2.
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Fig. 2.1: |V - ffoﬂ* (0) from the fourK,3 modes (and average over the electronic modes).

not yet been evaluated (hence the blank spaces in Table [&.2)der to include these modes in the
phenomenological analysis, we can use the estin&&éﬁjg) = —0.06% and 5K(K33) = +2.02%
obtained by Ginsberg [4]. However, there are systematiemdainties in Ginsberg’s approach which
cannot be easily estimated. They arise because thesesréspénd on the UV cutoff\(= m,, was used

in obtaining the above numbers), and on the réti@0)/ /1 (0) (set to zero to obtain the above numbers).
Therefore, in the following analysis, we assign an uncetyaof +1% to 6K(K:3’0). 1

Using the above input for the isospin-breaking factors &edRarticle Data Group (PDG) averages
for branching ratios and slopes (see Table 2.1), we obtaifolfowing results fof V] - fo’f (0):

Vil - F577(0) = 021334£0.0016 (K (25)
Vi - FE°7(0) = 0.2095 £0.0013 (KD (26)
Vo - FE™(0) = 02142400040  (K}3) @27)
Vsl - FE°77(0) = 0.2109 +£0.0026  (KY) (28)

In the above determination we have added in quadraturealinicertainties involved. The final
error is completely dominated by experimental uncertainfrates and slopes). We note that the muonic
decays imply larger uncertainties compared to the eleictondes (see also Fig. 2.1), as a consequence
of larger uncertainties in branching ratios and slopes.weighted average the muonic modes are seen to
be irrelevant. Therefore, also in view of the incompletewdsalge of radiative corrections, we conclude
that at present the inclusion of muonic decays does not allt improve the extraction oV,s|. An
average over the electronic modes brings to:

Vius| - £K°7(0) = 0.2110 £ 0.0018 (29)

where the error has been multiplied by a scale fastet 1.85, as defined by the PDG [17]. Finally, if
we use the Leutwyler-Roos estimate faf orffoﬂf(o) = 0.961 + 0.008, we obtain

[Vus| = 0.2196 = 0.0019xp, = 0.0018¢1(74)
= 0.2196 + 0.0026 . (30)
' As for the electronic modes, let us note that Ginsberg'sltesu (K;) = —0.45% anddx (K%) = +1.5% are

consistent with the ranges reported in Table 2.2.
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As can be noted, the above result has an error larger witlecesp the estimate made almost 20
years ago by Leutwyler and Roos. The reasons is the decreassitency of the twp/, 4| - ff on” (0)
determinations froni(.3 modes (and the corresponding large scale factor) afteisedtaverage of (old)
measurements ot .3 branching ratios [17]. This seems to suggest that some iexpetal errors have
been underestimated, or unduly reduced by the PDG averpgiegdure, as different experimental input
might have common systematic errors (especially the onatedeto radiative corrections). We stress,
in particular, that the latest rate measurements were npeefd in the 70’s and it is not clear if these
correspond to photon-inclusive widths.

This issue should soon be clarified by the high-statisticasueements of(,3 widths expected
from recently-completed or ongoing experiments, such als-BR65 [15] and KLOE (which is presently
analysing the four<,3 modes in the same experimental setup, with systematic taitties rather dif-
ferent from those of the existing measurements) [16]. Inomimion, a reliable extraction o¥,;| might
come in the near future by using experimental input comirglgdrom such high-statistics measure-
ments. Indeed, apart from the great improvement in thestitatl signal, we can expect a substantial
improvement also in the treatment of radiative correctidxsan illustration of this scenario, we use the
preliminary result from E865 [15]

BR(K}) = (5.13 £ 0.02a0. % 0.084st. % 0.04n0m.)% (31)
= (5.13+0.09%, (32)

to obtain|V,| - X" (0) = 0.2189 + 0.0021, and hence:

Vis] = 0.2278 = 0.0022¢xp % 000194, ,)
= 0.2278 £ 0.0029 . (33)

We show this number only for illustrative purpose (we do matude it in the average) since it is based
on a preliminary result, and it is not clear if it correspondshe photon-inclusive branching ratio. On
the other hand, it should be noted how a single present-dagunement allows us to extrdéf,| at the

~ 1% level [same as in Eq.(30)], and could offer the advantagectéar understanding of all sources of
uncertainty.

2.4. Other determinations of|V,|
To conclude the discussion abdif,;|, we briefly comment about other possibilities to determfrie t
quantity, alternative td<,; decays:

Tau decaysA novel strategy to determinig,; has been proposed very recently in Ref. [19]. The method
relies on the following facts:

e The possibility to express theoretically, via the OPte hadronic width of the lepton (?,) and
the appropriate moment®f') [20], for both Cabibbo-allowedi) and Cabibbo-suppresseds]
sectors. The relevant moments are denoted respectiveltfy, , and R¥.

e The measurements of hadronic branching fractions (and mtshi@ + decays [21].
e The strong sensitivity of the flavour-breaking difference

szl Rkl
(5R$l _ TV+A 7,5 34
|Vud|2 |Vus|2 ( )

to the strange-quark mass{) and the CKM matrix elements.

% In addition, a phenomenological parameterisation for tingitudinal contribution is adopted.
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Originally these features have been exploited to determigeusing|V,s| as input. The authors of
Ref. [19] have inverted this line of reasoning: they haveedwatned|V, | from (34), withk = [ = 0,
using the theoretical inp@RY = 0.229 4 0.030 and the rangen,(2 GeV) = 105 + 20 MeV, derived
from other observables. Assuming CKM unitarity to relgtg,| to |V,s| in (34) one finds [19]:

[Vius| = 0.2179 +£ 0.0044¢xp £ 0.0009y, = 0.2179 £ 0.0045 . (35)

The theoretical error reflects the uncertaintyniny, while the experimental one (by far the dominant
error), reflects the input®, 5 = 0.1625 + 0.0066 and R, 4+ 4 = 3.480 £ 0.014 [21]. Relaxing the
assumption of CKM unitarity and employing the extremelyesainggV, 4| = 0.97394+0.0025, leads to:

|Vius| = 0.2173 £ 0.0044cxp £ 0.0009¢1, £ 0.0006y,,,, = 0.2173 4 0.0045 . (36)

A reduction in the uncertainty d&, s by a factor of two would make this extraction |8f,,| competitive
with the one based ok.3 decays. To this purpose, it would be highly desirable alsestomate the
systematic uncertainty of the method (e.g. extractifjg from higher R'; moments, and obtaining
additional constraints on the, range). Future precise measurementRjEfg and of theSU (3)-breaking

differencess R¥! at B factories could allow to reach this goal. However, at the raohwe believe it is
safer not to include this (weak) constraint in the averadeevaf |V,,s|.

Hyperon semileptonic decayAs in the case of the neutron beta decay, both vector antheedtor cur-
rents contribute to Hyperon semileptonic decays (HSD). él@#, data on decay rates and asymmetries
of three different HSD can not be adequately fitted by exjstitodels of form factors (see e.g. Ref[22)].
On the basis of this conclusion, and given the large disci@pa among different calculations of the
leading vector form factors (of up to 13% in the casé&of[22]) at zero momentum transfer, we decided
not to include the HSD constraints ¢W,;| in this review.

3. |Vual| from superallowed Fermi transitions

Currently, SFT provide the most precise determinatioflgf|. Several features combine for this pur-
pose. First, the calculation of SFT are simplified by the faat only the nuclear matrix elements of
the vector current contribute to the decay amplitude. Sgcsince the SFT occur within members of a
given isotriplet, the conservation of the vector curreripsdo fix the normalization of the nuclear form
factors. A third important theoretical ingredient is thia tcalculation of isospin breaking and radiative
corrections have achieved a level suited to match the acgafeexperimental data.

From the experimental side, the input information has red@n accuracy that challenges present
theory calculations. Accurate measurements of the had&ti branching fractions an@ values for nine
different J© = 0T — 01 beta nuclear transitions have been reported so far [23]sd kaperimental
input allows to compute thé¢t values, wheref is essentially the nuclear-dependent phase space factor,
with high accuracy for each transition (see the first columnhable 2.4). At present, the final uncertainty
in the determination ofV,4| is further reduced by taking the average over the nine @iffemeasure-
ments of SFT. Thus, the high accuracy attainedliipy| can largely be attributed to a statistical origin
despite the fact that a nuclear environment is being usetthi®purpose.

Due to the spin and parity quantum numbers of the initial amal fiuclei, only the vector current
is involved in SFT at the tree-level. In the limit where isbsf an exact symmetry, the nuclear matrix
elements are fixed by the conservation of the vector curmahiage given by:

(py; 0T [ay,dlpi; 0T) = V2(p; + pf)y - (37)

An important check in the determination gf, 4| from SFT is to verify that after removing nuclear-
dependent corrections from the observables, the commdearunatrix elements share the universality
predicted by Eq. (37).
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Decaying| dc (in%)  J¢ (in %) Averages
nucleus | (Ref. [24]) (Ref.[25]) adopted in[26
10¢ 0.18 0.15 0.16(3)
140 0.28 0.15 0.22(3)
26m p| 0.33 0.30 0.31(3)
3¢ 0.64 0.57 0.61(3)
38mK 0.64 0.59 0.62(3)
123¢ 0.40 0.42 0.41(3)
46y 0.45 0.38 0.41(3)
OMn 0.47 0.35 0.41(3)
%Co 0.61 0.44 0.52(3)

Table 2.3:Isospin breaking correction®¢, in % units) to the decay rates of SFT.

Isospin breaking corrections introduce a (nucleus-degefctorrection factofl — 6 /2) on the
right-hand side of Eq. (37). This correction arises fromittoemplete overlap of initial and final nuclear
wave functions. This mismatch effect has its origin in theuldmb distortions due to the different
number of protons in the decaying and daughter nuclei [24,28e two different calculations of-
used by the authors of Ref. [26] for the nine measured degayutlei are shown in Table 2.3. The
error assigned té¢ is chosen to cover the typical spread between the centraésalbtained in both
calculations. As we shall show in the following, at presdms terror is not the dominant source of
uncertainty onV,,4|: doubling it, for a more conservative approach, would irean increase of the total
uncertainty orV,4| of about 25%.

After including radiative and isospin breaking correctipit becomes convenient to define the
values for each transition, namely:

Ft = ft(1+65)(1 —dc) = o2 (38)
- i T @mi+ ARVl

By this way all the nucleus-dependent corrections are dedun the definition of thé& constants and the
right-hand side contains only the nucleus-independermepié radiative correctionA ; (see below) and
fundamental constants. Thus, the equality of fitevalues of the nine SFT provides a good consistency
check of the conservation of the vector current.

The radiative corrections are split into a nucleus-depengecedr (also calledouter correc-
tions) and a nucleus-independent piekg (also calledinner corrections). The outer corrections have
been computed by two different groups [27] finding good amex with each other. These corrections
include basically model-independent virtual and real QBDextions and the calculations include terms
up to O(Z%a?) as required by experiments (see Table 2.4). The inner d¢amscon the other hand,
include the short distance electroweak corrections anergiteces of model-dependent (but nucleus-
independent) radiative corrections [7,28]. Since a ldrde:,/m,) term appears at leading order, a
resummation of higher order logarithms is required. Thigriored calculation lead to the following
updated numerical value of inner corrections [28,29]:

AR = (2.40 £ 0.08)% . (39)

The uncertainty in the inner corrections has its origin & lthwer value for the cutoff used for the axial-
induced photonic corrections [28] and it turns out to be thmithant theoretical uncertainty in the current
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Decaying ft OR oc Ft
nucleus (sec.) (%) (%) (sec.)
10¢ 3038.7(45) 1.30(4) 0.16(3) 3072.9(4B)
e 3038.1(18) 1.26(5) 0.22(3) 3069.7(26)
2mpl | 3035.8(17) 1.45(2) 0.31(3) 3070.0(21)
3¢ 3048.4(19) 1.33(3) 0.61(3) 3070.1(2%)
38mK | 3049.5(21) 1.33(4) 0.62(3) 3071.1(2))
2S¢ | 3045.1(14) 1.47(5) 0.41(3) 3077.3(2B)
16y 3044.6(18) 1.40(6) 0.41(3) 3074.4(2)7)
OMn | 3043.7(16) 1.40(7) 0.41(3) 3073.8(2))
5Co | 3045.8(11) 1.40(7) 0.52(3) 3072.2(2))
Average | 3043.9(6) 3072.3(9)
x2/dof 6.38 1.10

Table 2.4:Tree-level (t) and corrected £t) values for SFT [26].

determination ofV,,4| from SFT [26]. As a final comment, we should mention that tleédiazation of
inner and outer radiative corrections introduces spurieuss ofO(a?) in ther.h.sof Eq. (38). However,
these additional terms are not relevant at the presentdéagicuracy, since they affect the determination
of |V,4| at the level 06 g Ar/2 ~ 0.0001.

Table 2.4 illustrates how quantum corrections are cruoialffier a high-precision test of the con-
servation of the vector current. As it was mentioned abdvs,iinplies that theFt values should be the
same for the nine nuclear transitions under considerafibis test is evident from thg2/dof of the fit,
which substantially improves in going from the tree-lefelalues to the quantum correctéd values.

Inserting the weighted average 6t, reported in Table 2.4, into Eq. (38) we obtain:

Vaa| = 0.9740 % ,/(0.0001)2

2 + (0.0004)3  + (0.0002)3
= 0.9740 + 0.0005 .

(40)

In the above result we have explicitly separated the diffecentributions to the total uncertainty in
|V.al- As can be noted, at present the dominant error is induceNyor by the choice of a low-energy
cutoff for the axial-induced photonic corrections [28].

Based on the work of Ref. [30], the Particle Data Group [1§mdhe conservative approach of
doubling the error in Eq. (40). According to Ref. [30], isospreaking at the quark level would increase
the size of the correctionk-. However, we stress that this proposed manifestation akgudegrees of
freedom at the level of nuclear structure may lead to a doctating of isospin breaking effects [26].
Moreover, we note thal- is not the dominant uncertainty at present. For these reasaprefer not
to modify the uncertainty in Eq. (40) and to quote this reaslthe best information dii,,;| available at
present from SFT.

4. |V,q| from neutron beta decay

The neutron beta decay. (— pe~7.) is another place where measurements and theory are getting
accurate enough to provide a determination1@f;| at the level of 0.1%. This happens despite the fact

33



that both axial and vector weak currents contribute to thdrdrdc matrix element. Indeed the axial
form factor normalized to the vector ongs(/gv') can be determined from data and, once this is known,
theory can provide a calculation of the decay rate as a fomaif |V,4| at the level of a few parts in
10~ [29]. Similarly to SFT, the main theoretical uncertaintysas from the low-energy cut-off of the
axial-induced photonic corrections [see Eg. (39)]. Howethe present major source of uncertainty in
this determination ofV,4| comes from the measurementsgaf/ gy .

In the last twenty years several authors contributed toreeimaster formula for the beta decay
rate of the neutron precise at the level of a few partson* [28,29,31,32]. At this level of accuracy,
only two momentum-independent form factogs,y, are required to describe the hadronic amplitude:

(p[ay. (1 —75)dIn) = Tpyu(gy + gays)un . (41)

By including the radiative corrections up to orde(a?) in an additive form [29], and assuming that the
beta decay (inclusive of photon corrections) is the onlgvaht neutron decay mode, we can write
9 273

WVl = G a (U Bgh L + 3(ga oy s 42
where,, denotes the lifetime of the neutron. The facfor = 1.71312 + 0.00002 is essentially the
integrated electron spectrum folded with the energy-dépenradiative corrections which are required
up to ordera? [29,31]. Here, an important numerical remark is in orderr @pression forfz contains
the radiative corrections in an additive form, contrary emg other expressions currently used in the
literature (see for example Ref. [26,33]). In fact, othealgses use a factorization prescription of the
dominant Coulomb term (or Fermi-function) and the remagrtif{c, o) corrections (see the discussion
in Ref. [29]). This factorization introduces spurious terat the orden? which affect the decay rate at
the level of10~*. For instance, using the factorized formula of Ref. [33] &. [26,31] would lead to
a decrease d/,,4| of about5 x 10~ and10 x 10~4, respectively.

Let us now focus on the value gf,. In the limit where isospin is an exact symmetry, the CVC
hypothesis is useful to fix the value of the vector form fa,dhalmelyggvc = 1. Owing to the Ademollo-
Gatto theorem [1], the correctiafyy to this value is expected to be very small. The evaluationgpf
present in the literature indicate thif is of order10=> [32]. Thus, at the accuracy level d0—*, we
can safely sefy = 1in Eq. (42).

As already mentioned, the determinatior|\gf,| requires two experimental inputs, andg /gy .

At present, the set of data used to extract the average ofdbtam lifetime is consistent and very
accurate, leading to the world average [17]

TP = (885.7 £ 0.8) sec, (43)

with an associated scale factor 8f= 1.07. The situation concerninga /gy does not share the same
consistency. In Table 2.5 we show a collection of the mostipeemeasurements of this ratio, together
with the corresponding determinations |0f,,|. Although other measurements have been reported so
far (see Ref. [17]), those shown in Table 2.5 are the mostaateones for the determination gf, 4| in
neutron beta decay [29].

The quoted uncertainty fg¥/,4| in the third column of Table 2.5 has been computed by adding in
quadrature theoretical and experimental uncertaintm®wing the formula

A|Vag| = £1/(0.00044)2, + (0.00036)2, + [0.64A(g.4/gv )2 , (44)

where the subscript ‘r.c.’ denote the irreducible theogsdterror of axial-induced photonic corrections.
Similarly to the SFT case, the latter contribute at the |@f€l.04%.

Clearly, the present uncertainty ji,,| from neutron beta decay is largely dominated by the
error in the measurements gfi /gy . It should also be noted that there is some inconsistencyngmo

34



Reference ga/gv [V

[34] —1.262 £ 0.005 0.9794 £ 0.0032
[35] —1.2594 £ 0.0038 0.9811 £ 0.0025
[36] [*] —1.266 £ 0.004 0.9768 £ 0.0026
[37] [*] —1.2686 £ 0.0046 0.9752 4 0.0030
(33] [*] —1.2739 £ 0.0019 0.9718 £ 0.0013

Total averagel —1.2694 + 0.0014 (0.0028) | 0.9746 + 0.0010 (0.0019)
Average [*] | —1.2720 + 0.0016 (0.0022) | 0.9731 4 0.0011 (0.0015)

Table 2.5: Experimental values of4/gv and the determination dfV,.4| from neutron beta decay; the [*] denotes recent
experiments with a polarization larger than 90%; the errdmstween brackets in the last two rows are multiplied by the

corresponding scale factor.

the measurements of this ratio (in fact, this is at the orafithe large scale factor quoted in the total
average). On the other hand, if only the recent measurenoénts/ gy performed with a high degree
of polarization are considered (entries denoted by [*] ibl&22.5), as recommended by the PDG [17],
then a good consistency is recovered. For this reason, veidawrthe result in the last row (scale factor
included),

|Vaa| = 0.9731 £ 0.0015 , (45)

as the best information available at present from neutrde dhecay.

5. |Vual from w3 decay

Another interesting possibility to extragt,q|, which shares the advantages of both Fermi transitions
(pure vector transition, no axial-vector contributionflareutron3-decay (no nuclear structure dependent
radiative corrections) is provided by thiedecay of the charged pion. The difficulty here lies in the
extremely small branching ratio, of orded—%. Nevertheless, such a measurement is presently being
performed at PSI by the PIBETA collaboration, with the airmeasuring the branching ratio with 0.5%
accuracy. At this level of precision, radiative correctidmve to be taken into account, and Ref. [38]
addresses this problem, within the effective theory forsnalfor processes involving light pseudoscalar
mesons, photons and leptons [39].

The decay amplitude far*(p; ) — 7°(po) e (pe) ve(p,) is determined by the vector pion form
factorff%rO (t), entering in the current matrix element

0

(7 (o)™ (p+)) = V2 | FE (1) (0 +p0)yu + F7 (1) (4 = Po)u (46)
wheret = (p. — po)?. As usual, in the isospin Iimiff7rO (0) = 1 and the kinematical dependence
from ¢ is parameterised by a linear slope The effect off_, suppressed bym. /M, )? and by isospin
breaking, can safely be neglected.

Accounting for isospin-breaking and radiative correctigeee analogous discussion g3 de-
cays), the decay rate can be written as

Cry = N [Vaal? Sew | FT 7 (0) 2 (A, ) (47)
with N = GZ M2, /(647*) and
L\ ) = I:(),0) [1 + AI,T()\)} L FTT0) = (14 0T ) (14 0%,0) (48)
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Thus we obtain:

T 1/2
[Vudl = l ~esb] ] = .
Nr Sew In(A0) | 1468 + 0% + 3AL(N)

The recent analysis of Ref. [38] shows that
Su@) ~ 1077, 87,2 = (0.46 £ 0.05)%, AL =0.1%, (49)

with a total effect of radiative corrections consistenthagrevious estimates [7,40].

The present experimental precision for the branching wdtibe pionic beta decay cannot compete
yet with the very small theoretical uncertainties of SFT aedtron beta decay: using the latest PDG
valueBR = (1.025 4 0.034) x 10~% [17], we find

Vgl = 0.9675 % 0.0160eyp & 0.0005¢;,
= 0.9675 % 0.0161. (50)

However, a substantial improvement of the experimentaliraoy is to be expected in the near future.
Inserting the present preliminary result obtained by tHBEIA Collaboration [41],BR = (1.044 +
0.007(stat.) & 0.009(syst.)) x 1078, we find

Vgl = 0.9765 % 0.0056¢yp & 0.0005¢;,
= 0.9765 % 0.0056 , (51)

where the error should be reduced by about a factor of 3 atnti@&the experiment.

6. CKM unitarity and the determination of the Cabibbo angle

The two measurements {f,;| from SFT and nuclear beta decay, reported in Egs. (40) arjdé€4pec-
tively, are perfectly compatible. Combining them in quadra we obtain

[V,a| = 0.9739 4 0.0005 , (52)

a result which is not modified by the inclusion in the averaf¢he presentr.s data. Due to the
small differences in the treatment of radiative corretiamd theory errors discussed in the previous
sections, this value is slightly different, but perfectlgntpatible, with the one quoted by the PDG:
|Vual = 0.9735 £ 0.0008 [17].

The compatibility of SFT and nuclear beta decay resultsdarty an important consistency check
of Eq. (52). However, it should also be stressed that therétieal uncertainty of inner radiative correc-
tions (which contribute at the level &f0.04%) can be considered to a good extent a common systematic
error for both determinations. Thus the uncertainty quatdel. (52) is mainly of theoretical nature and
should be taken with some care.

Using the unitarity relation (1) we can translate Eq. (52 ia prediction foflV,s|:
| Vs lunit. = 0.2269 £ 0.0021 , (53)

to be compared with the direct determination in Eq. (30). TRe discrepancy between these two de-
terminations could be attributed to: i) an underestimatthebretical and, more in general, systematic
errors; ii) an unlikely statistical fluctuation; iii) the istence of new degrees of freedoms which spoil the
unitarity of the CKM matrix. Since theoretical errors pridwia large fraction of the total uncertainty in
both cases, the solution i), or at least a combination ofd)ignappears to be the most likely scenario.
Barring the possibility iii), and in absence of a clear iradion of which of the errors is underestimated,
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a conservative approach is obtained by treating the twamétations on the same footing and intro-
ducing the PDG scale factor. Following this procedure, malfestimate ofV,,;| imposing the unitarity
constraint is

[ Vs lunit.+ K43 = 0-2240 £ 0.0036 . | (54)
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Chapter 3

CKM ELEMENTS FROM TREE-LEVEL
B DECAYS AND LIFETIMES

Conveners: E. Barberio, L. Lellouch, K.R. Schubert

Contributors: M. Artuso, M. Battaglia, C. Bauer, D. BecirevM. Beneke, 1. Bigi, T. Brandt, D. Cassel,
M. Calvi, M. Ciuchini, A. Dighe ,K. Ecklund, P. Gagnon, P. Gano, S. Hashimoto, A. Hoang, T. Hurth,
A. Khodjamirian, C.S. Kim, A. Kronfeld, A. Lenz, A. Le Yaayad. Ligeti, V. Lubicz, D. Lucchesi,
T. Mannel, M. Margoni, G. Martinelli, D. Melikhov, V. Menas, H.G. Moser, L. Oliver, O.dpe, J.-
C. Raynal, P. Roudeau, C. Schwanda, B. Serfass, M. Smizan§itark, B. Stech, A. Stocchi, N. Uraltsey,
A. Warburton, L.H. Wilden.

Tree level semileptonic (s.l.) decays of B mesons are drémiadetermining theV,,;| and|V,|
elements of the CKM matrix. In this Chapter we review our présunderstanding of inclusive and
exclusive s.I. B decays and give an overview of the experiaiesituation. The second part of the
Chapter is devoted to B mesons lifetimes, whose measureareithportant for several reasons. Indeed,
these lifetimes are necessary to extract the s.I. width#ewte BY lifetime differences and the ratios of
lifetimes of individual species provide a test of the OPE.

After a brief introduction to the main concepts involved lredretical analysis of the inclusive
decays, we discuss the determination of the relevant paeasne-b quark mass and non-perturbative
parameters of the Operator Product Expansion (OPE) — anerlyirdy assumption of quark-hadron
duality. We then review the inclusive determination df,| and|V,;|. The extraction of these two CKM
elements from exclusive s.l. B decays is discussed in thefdidawing sections, after which we review
the theoretical framework and the measurements of theniést and lifetime differences.

1. Theoretical tools

1.1. The Operator Product Expansion for inclusive decays

Sometimes, instead of identifying all particles in a dedhys convenient to be ignorant about some
details. For example, we might want to specify the energy dfiaged lepton or a photon in the final
state, without looking at the specific accompanying hadrbhese decays are inclusive in the sense
that we sum over final states which can be produced as a rdsallgiwen short distance interaction.
Typically, we are interested in a quark-level transitiamtsash — c¢fv, b — s, etc., and we would like

to extract the corresponding short distance paramétégs, C-(m;), etc., from the data. To do this, we
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need to be able to model independently relate the quark-dpearators to the experimentally accessible
observables.

In the largem,, limit, we have My, > m; > Aqcp and we can hope to use this hierarchy to
organize an expansion ifigcp/my, analogous to the one ity My, introduced in Chapter 1, already
based on the OPE. Since the energy released in the decagas séasimple heuristic argument shows
that the inclusive rate may be modelled simply by the decag &keb quark. Theb quark decay
mediated by weak interactions takes place on a time scalésthauich shorter than the time it takes the
quarks in the final state to form physical hadronic statesceQheb quark has decayed on a time scale
K AQICD’ the probability that the final states will hadronize sonveli®unity, and we need not know
the probability of hadronization into specific final statdkreover, since the energy release in the decay
is much larger than the hadronic scale, the decay is largslnisitive to the details of the initial state
hadronic structure. This intuitive picture is formalizegithe OPE, which expresses the inclusive rate as
an expansion in inverse powers of the heavy quark mass, dtleaiding term corresponding to the free
quark decay [1,2] (for a pedagogical introduction to the QiRE its applications, see [3,4]).

Let us consider, as an example, the inclusivets:t> ¢ decay, mediated by the operatoy =
—4GE V2 Ve (Je)® (Jo ) WhereJ2 = (e~ Pp, b) andJ), = ({+° Py, v). The decay rate is given by
the square of the matrix element, integrated over phase spatsummed over final states,

DB = Xotw) ~ Y [dPS]|(Xot7]0u B )
Xe

Since the leptons have no strong interaction, it is convengefactorize the phase space ito— X . W*
and a perturbatively calculable leptonic pdt;” — ¢r. The nontrivial part is the hadronic tensor,

W~ S5 (s — g — px) (BN Xe) (XelJEB)
Xe
~ I [dee " BT ) I 0)) B). @
where the second line is obtained using the optical theoasmh]" denotes the time ordered product of
the two operators. This is convenient because the timeeddgepduct can be expanded in local operators

in them; > Aqcp limit. In this limit the time ordered product is dominated 8lyort distancesy <
A&D, and one can express the nonlocal hadronic tei#gdt as a sum of local operators. Schematically,

q
\ /
0 1
—— = + — +—2 4+ ... (3)
b p, =mv-g+k b my my
-~ b b b b b b

B =mv+k

At leading order the decay rate is determined byitlyeark content of the initial state, while subleading
effects are parametrized by matrix elements of operataifs mereasing number of derivatives that are
sensitive to the structure of the B meson. There ar® tWwqcp/my,) corrections, because the B meson
matrix element of any dimension-4 operator vanishes. Astadficients in front of each operator are
calculable in perturbation theory, this leads to a sim@tars expansion in powers of the strong coupling
constanty,(my,) and inverse powers of the heavguark mass (more precisely, @f, —m,). The leading
order of this expansion is the parton model s.l. width

G|V [*my

| -
0 19273

(1 —8p+8p3 — p* —12p%In p) , 4)
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wherep = mfl /m%. Non-perturbative corrections are suppressed by at leaspowers ofm, [2]. The
resulting expression for the total rate of the B..—» X_.¢ has the form

(3)'s oleami)

my My
where the coefficientsi, B, C depend on the quark masses ;. The perturbative corrections are
known up to order?3,. Non-perturbative corrections are parameterized by matéments of local
operators. Thé(A?/m?) corrections are given in terms of the two matrix elements

A2

2
my

vo2]+c
myp

e =T, 1+A{%]+B
T

1 - . 2
A= oMp <B|hv(1D) hv|B> )
1 = g v >
A2 = 605 <B hU2O'ij hy|B) . (6)

The dependence on these matrix elements is contained iméfiiceentC = C(\, \2). Up to higher-
order corrections, the connection to an alternative rmdi\; = —u2 and\s = p2,/3. Atorderl/m;
there are two additional matrix elements. Thus, the totehgeate depends on a set of non-perturbative
parameters, including the quark masses, with the numberobf garameters depending on the order in
Aqcp/my, one is working.

Similar results can be derived for differential distrilouts, as long as the distributions are suffi-
ciently inclusive. To quantify this last statement, it isicial to remember that the OPE does not apply
to fully differential distributions but requires that sudlstributions be smeared over enough final state
phase space. The size of the smearing redidntroduces a new scale into the expressions for differen-
tial rates and can lead to non-perturbative correctionsgosippressed by powers 8§, /A™ rather
than Acp/my. Thus, a necessary requirement for the OPE to converde is Aqcp, although a
guantitative understanding of how experimental cuts affex size of smearing regions is difficult.

1.2. Heavy Quark Effective Theory

The bound state problem for exclusive decays of hadrons csepof a heavy quaidg and light degrees
of freedom simplifies in the limitng > Agcp. The size of such heavy-light hadrons~s1/Agcp
and hence, the typical momenta exchanged between the hedwglht degrees of freedom are of order
Agcp. Such momenta do not permit the light constituents to restile quantum numbers of the heavy
quark, whose Compton wavelength~sl/mg. It follows that the light constituents of hadrons which
differ only by the flavour or spin of their heavy quark have #ame configuration. FaNg heavy-
quark flavours, this invariance results in 8 (2Ng),, symmetry which acts on the spin and flavour
components of the heavy-quark multiplet and under whiclstiung interactions are invariant at energies
much smaller tham, [5,6,7,8,9]. The subscripton SU(2Ng), labels the velocity of the heavy quark
on which the configuration of the light constituents obvigutepends.

The spin-flavour symmetry leads to many interesting ratatioetween the properties of hadrons
containing a heavy quark. The most immediate consequermre®m the spectra of these states [9].
Indeed, since the spin of the heavy quark decouples, states 00 mass-degenerate doublets corre-
sponding to the two possible orientations of the heavyksain® Examples are the meson doublets
(B,B*) and (D,D*) or the baryon doublet$¥;, ¥}) and (3., 37}). Moreover, the flavour symme-
try implies that the energy carried by the light constitgeimt a heavy-light hadron must be the same
whether the heavy quark is a beauty or a charm. Thus, in thenggm limit, we have relations such as
My, — Mp = My, — Mp andMp, — Mp = Mp, — Mp. All of these relations are satisfied experi-
mentally to the expected accuracy, that is up to terms ofrakde:p/my, or Agcp/m., depending on
whether the charm quark is present.

*An exception to this rule are the ground state barybpsndA.: their light constituents carry no angular momentum.
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Another set of consequences of heavy quark symmetry conceiment matrix elements and, in
particular,B — D™ transitions [7,8,9]. Consider the matrix element of theumber current between
B meson states of given velocities:

(B(v")[by"b|B(v)) = Mp(v + ') Fp(tsp) ()

withtpp = M3 (v—v')? = 2M%(1—w), wherew = v-v'. F(tpp) simply measures the overlap of the
wave-function of light constituents around guark of velocityv with that of light constituents around
a b quark of velocityy’. In the heavy-quark limit, flavour symmetry implies thatstlsiame form factor
describes the matrix element obtained by replacing onetbrdfdhe beauty quarks by a charm quark of
same velocity. The spin symmetry implies that this form dagtarametrizes matrix elements in which
the initial and/or final pseudo-scalar meson is replacedhbycbrresponding vector meson. It further
requires the same form factor to parametrize matrix elesn@nivhich a vector current such as*b is
replaced by any othér— c current. This means that in the heavy-quark limit, the taysB — D/v
andB — D*/v, which are governed by the hadronic matrix elemefids?) |cy*(7°)b|B), are described
by a single form factor¢(w) = Fp(tpp(w)) + O(1/my), instead of the six form factors allowed by
Lorentz invariance. Moreover, this form factor, known as kbgur-Wise function, is normalized to one
at zero-recoil, i.e{(1) = 1 for v = v’ orw = 1, because th&-number current is conserved.

The normalization imposed by heavy quark symmetry is théstfas the measurement ¢V, |
from exclusive s.l. B decays described in Sec. 3.. Symmstysed to the same effect elsewhere in
the determination of CKM matrix elements: isospin symmeinymalizes the form factor i¥ decays,
yielding |V,4|, andSU (3) flavour symmetry of light quarks approximatively normatizee form factor
in K3 decays, yieldingV,,,|.

In order to explore the consequences of heavy quark symmairg systematically and compute
corrections to the symmetry limit, which are essential gaahing the accuracies required for precise
determinations of CKM parameters, it is convenient to aoastan effective field theory which displays
this symmetry explicitly and gives a simplified descriptmfifQCD at low energies [10]. The idea behind
effective theories is a separation of scales such that feet®e theory correctly reproduces the long-
distance physics of the underlying theory. For the caserad,hae are after a theory which duplicates
QCD on scales below a cutgif such that:

Agep < p < mg . (8)

The construction of heavy quark effective theory (HQER@gins with the observation that the heavy
quark bound inside a heavy-light hadron is nearly on-shlithat its four-velocity is approximately the
hadron’s velocityp. Its momentum can thus be written

P =mau + (©)

where the components of the residual momenténare much smaller thamg and wherey?> = 1. The
heavy-quark field is then decomposed into its “particle” &ntti-particle” components;, andH,,, as

Q(z) = e-imave #hv(x) + 1%“bﬁn,(g;) . (10)

This decomposition shifts the zero of four-momentum in sackay that the heavy-quark degrees of
freedom become massless while the anti-quark degreeseasfdne acquire a malé}mQ.i The latter
are the heavy degrees of freedom which are integrated otieidnstruction of the effective theory.

tThere exist many reviews of heavy quark effective theorg Beinstance [11-13].
A description of heavy anti-quarks is obtained by perfograrshift in four-momentum of opposite sign.
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Performing this operation in the path integral and expamdire result in powers of terms of order
1/2mg, one finds the following leading order effective Lagrangian

Lejs=Lo+0 (%) = hyiv - Dhy + O (%) . (11)

mQ mQ

At subleading order it becomes:

1 1 - . g - 1
= _— = —hv D 2hv —hv v “Vh’u 9 ) 12
Lesy £0+£1+O<4mé> Eo+2mQ (iD1) +2mQ ouwG +O<4mé> (12)
with D/ = D —v#v - D.

The absence of Dirac structure and of masse&%jisignals the existence of the heavy quark spin-
flavour symmetry. This symmetry is broken at ord¢mg. In Eq. (12), the first correction corresponds
to the gauge-invariant extension of the kinetic energyragisom the residual motion of the heavy quark
and breaks only the flavour component of the symmetry. Thenseterm describes the colour-magnetic
coupling of the heavy-quark spin to the gluons and breakis that spin and the flavour components of
the symmetry.

In order to incorporate the weak interactions of heavy gaiaske must also consider the expansion
of weak operators in powers df2mg,. Introducing a source in the path integral for the quark fiit),
one finds that this source couples to

Qz) = M1+

w-D+ ZmQZ
14 2L o1 /am2) | h(a) (13)
2mQ Q () )

DJ_] hv (x)

—imQu-x

(&

once the substitution of Eq. (10) and the integral over thdi-guark” modeH, are performed. Thus,
the expansion of weak currents involving heavy quarks ingrevef1/2m is obtained by replacing
occurrences of)(x) by the expansion of Eq. (13).

The construction described up until now correctly reprasuthe long-distance physics of QCD,
(below i of Eq. (8)). However, this procedure does not take into agtthe effects of hard gluons
whose virtual momenta can be of the order of the heavy-quakspor even larger [6]. Such gluons
can resolve the flavour and the spin of the heavy quark andnlduse symmetry breaking corrections.
Schematically, the relation between matrix elements of geraiorO in the full and in the effective
theory is
Cl (:U'v ID’)

2m

wherefi ~ 1 and where we have assumed, for simplicity, that only one HQ&eFator appears at leading
and at sub-leading order in tH¢2mg expansion. The short-distance coefficiefi§$., i) are defined
by this equation, and should be accurately calculable drgerder in perturbation theory becausgis
small in the region betweemandmg. One typically obtaing”; = 1 + O(a,). The way in which these
virtual processes break the heavy quark symmetry is by induelogarithmic dependence of thé on
mg and by causing mixing with operators which have a differg@m structure (not shown here).

Since the effective theory is constructed to reproduce dhednergy behaviour of QCD, the
matching procedure must be independent of long-distarfeetefsuch as infrared singularities or the
nature of the external states used. It is therefore posailleconvenient to perform the matching using
external on-shell quark states. Furthermore, if the |dlyan$ ofm /1 which appear in the short-distance
coefficients are uncomfortably large, itis possible to nesliem using renormalization group techniques.

(O(w)qcp = Colp, m)(Oo(i)) HoET + (O1(m)) et | (14)
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It is important to note that the matrix elements in the effectheory, such a&(ji)) norr and
(O1(in))moeT In EQ. (14), involve long-distance strong-interactioneets and therefore require non-
perturbative treatment. Itis also important to note thatsbparation between short-distance perturbative
and long-distance non-perturbative contributions is guus, though these ambiguities must cancel in
the calculation of physical observables. These ambiguigquire one to be careful in combining results
for short-distant coefficients and for the non-perturatlQET matrix elements. In particular, one has
to make sure that these coefficients are combined with meleiments which are defined at the same
order and, of course, in the same renormalization scheme.

2. Inclusive semileptonicb decays

2.1. Bottom and charm quark mass determinations

In the framework of B physics the bottom quark mass paraniefearticularly important because theo-
retical predictions of many quantities strongly dependgn Thus, uncertainties om; can affect the
determination of other parameters. However, due to confém¢rand the non-perturbative aspect of the
strong interaction the concept of quark masses cannot déctian intuitive picture of the weight or the
rest mass of a particle, such as for leptons, which are tog@wyg approximation insensitive to the strong
interactions. Rather, quark masses have to be considesdiplings of the Standard Model Lagrangian
that have to be determined from processes that depend on thsrsuch, the bottom quark mass is a
scheme-dependent, renormalized quantity. For recergwsvin the determination of tthequark mass,
see [14].

2.1.1. Quark mass definitions in perturbation theory

In principle, any renormalization scheme, or definition doiark masses is possible. In the framework
of QCD perturbation theory the difference between two maksmes can be determined as a series in
powers ofa. Therefore, higher-order terms in the perturbative exjpansf a quantity that depends on
quark masses are affected by which scheme is employed. ahesehemes that are more appropriate
and more convenient for some purposes than others. In tttiesave review the prevalent perturbative
quark mass definitions, focusing on the case of the bottorrkqua

Pole mass
The bottom quark pole mass; is defined as the solution to

=0, (15)

b—mp—X(p,mp)| ,
pe=my

whereX(p, my) is the bottom quark self energy. The pole mass definitionugganvariant and infrared-
safe [15] to all orders in perturbation theory and has beed as the standard mass definition of many
perturbative computations in the past. By constructioa pble mass is directly related to the concept of
the mass of a free quark, which is, however, problematic usaf confinement. In practical applica-
tions the pole mass has the disadvantage that the perugisatiies relating it to physical quantities are
in general quite badly behaved, due to a strong sensitifithe pole mass definition itself to infrared
gluons [16].

There is nothing wrong to use the pole mass as an intermeglietetity, as long as it is used
in a consistent way. In particular, the presence of a renlemambiguity [16] requires considering
the numerical value of the pole mass as an order-dependantiiyu Because this makes estimates
of uncertainties difficult, the pole mass definition shoutl dvoided for analyses where quark mass
uncertainties smaller thakqcp are necessary. The problems of the pole mass definition cavoged
if one uses quark mass definitions that are less sensitiveatl ;momenta and do not have an ambiguity
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of order Aqcp. Such quark mass definitions are generically called “stiistance” masses. They have
a parametric ambiguity or ordaréCD/mb or smaller.

MS mass

The most common short-distance mass parameter slthmassny, (1), which is defined by regulating
QCD with dimensional regularization and subtracting theedjences in théIS scheme. Since the
subtractions do not contain any infrared sensitive terhes)IS mass is only sensitive to scales of order
or larger thanm;. The relation between the pole mass andNffemass is known t@(a?2) [17,18] and

reads i, = o= (7, (7))

_ _ .2 _
Mppole dag % . % 3 _ 2
e ( W) (1344 —1.04n) + ( 7T) (190.8—26.7ns +0.6503) + ... . (16)

The bottom quarkVIS mass arises naturally in processes where the bottom quéak df-shell. The
scaley in the MS mass is typically chosen of the order of the characteristergy scale of the pro-
cess under consideration since perturbation theory amtagarithmic terms- a5 (1)" In(Q?/p?) that
would be large otherwise. Using the renormalization grayedion form, (1) the value of théIS mass

for different . can be related to each other. TRES mass definition is less useful for processes where
the bottom quark is close to its mass-shell, i.e. when thilyofuark has non-relativistic energies.

Threshold masses

The shortcomings of the pole and th&S masses in describing non-relativistic bottom quarks can be
resolved by so-called threshold masses [19]. The threghalsses are free of an ambiguity of order
Aqcp and, at the same time, are defined through subtractionsdhtin contributions that are universal
for the dynamics of non-relativistic quarks. Since the sditons are not unique, an arbitrary number of
threshold masses can be constructed. In the following testhlold mass definitions that appear in the
literature are briefly reviewed.

Kinetic mass
The kinetic mass is defined as [20,21]

N72r (Mkin)

_Ma\n) 17
21 in (Hyeir, ) a7

pert

mb,kin(ukin) = Mppole — [A(Mkin)} pert

where [A ()] e @0 (17 (1,)] oy V€ perturbative evaluations of HQET matrix elements tleat d
scribe the difference between the pole and the B meson mass.

The relation between the kinetic mass andMf¢mass is known t@(a?) andO(a? ) [22,33].
The formulae forfA(pkin)]pert @Nd 12 (tiin ) Jpert At O(a?) read [33]

_ _ 2
[A(lu’)]port = %OFﬂkin@ {1 + % l(% - lln 2#%) 50 - CA <F - %>‘| } ) (18)

_ . 7T2
[Mi(m)}pert = CFMQ—QSSTm) {1 + % [(% — %ln 2”%) Bo—Ca (? - %)] } . (19

wherem = my(my), Crp = 4/3, andfy = 11 — %nf. For uin — 0 the kinetic mass reduces to the pole
mass.
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Potential-subtracted mass
The potential-subtracted (PS) mass is similar to the kdmagss, but arises considering the static energy
of a bottom-antibottom quark pair in NRQCD [23].The PS maskniown toO(a?) and its relation to

the pole mass reads
47 ,u

+(a3(“)>2 as— (Garfo+ ) (225 —2) 4 g2 (1 @—41 “PS+8
i 2 100 + b1 2 0 2 12

wheregy = 11 — £ nf and, = 102 — nf are the one- and two-loop beta functions, and=
U Wnsa= 456 749 — 66.354ns + 1. 235 n? (see Refs. [24]). Foups — 0 the PS mass reduces
to the poIe mass.

. Cro(p)
mb,PS(#Ps) = Mp pole — — Ups

1S mass

The kinetic and the potential-subtracted mass depend orxg@litie subtraction scale to remove the
universal infrared sensitive contributions associateith tie non-relativistic heavy quark dynamics. The
1S mass [25,26] achieves the same task without a factaneatiale, since it is directly related to a
physical quantity. The bottom 1S mass is defined as one h#iegferturbative contribution to the mass
of then = 1, 2+1L; = 35, quarkonium bound state in the limit, > myv > myv? > Aqep. TO
three loop order the 1S mass is defined as

Maas 1_M{1+(@) [60(L+1>+ﬂ}

My, pole 8 2
as(U)\2 [ oo 3 €] 1 a1 (3
+ (=) [50( 4L+ 2 +ﬂ+4 +h g (FL+1
51 Y1 “2 _@ 2 }
4 (L+1)+16+ 3 +(CA 18 )CFTI' ) (21)

whereL = In(u/(Cros (i) my pole)) @nd¢s = 1.20206. The expression for the 1S mass is derived in the
framework of the non-relativistic expansion, where powsrhe bottom quark velocity arise as powers
of a, in the 1S mass definition. Thus, to achieve the renormalooetiation for B decays in the 1S mass
scheme it is mandatory to treat terms of ord&r! in Eq. (21) as being of order”. This prescription is
called “upsilon expansion” [25] and arises because of tlierdince between the non-relativistic power
counting and the usual counting in numbers of loops of powkrs,.

Renormalon-subtracted mass

The renormalon-subtracted mass [27] is defined as the pative series that results from subtracting
all non-analytic pole terms from the Borel transform of tteeg\IS mass relation at: = 1/2 with a
fixed choice for the renormalization scale= npg. The scaleuyg is then kept independent from the
renormalization scale used for the computation of the guestof interest. To ordety; the relation
between RS mass and pole mass reads,

MRS(:“RS) = Mpole —CAs g + .-, (22)

where the constant depends on the number of light quark species and has an aintgtbecause the
residue at; = 1/2 in the Borel transform of the polBES mass relation is known only approximately.

In Table 3.1 the various quark mass parameters are compared numerically takinyltheass
my () as a reference value for different values for the strong liogipEach entry corresponds to the
mass using the respective 1-loop/2-loop/3-loop relations
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My () M, pole mpkin(1 GeV) | my ps(2 GeV) mp1s
al” (my) = 0.116
410 | 4.48/4.66/4.80 4.36/4.42/4.45 | 4.29/4.37/4.40| 4.44/4.56/4.60
415 | 4.53/4.72/4.85 4.41/4.48/4.50 | 4.35/4.42/4.45| 4.49/4.61/4.65
420 | 4.59/4.77/4.90 4.46/4.53/4.56 | 4.40/4.48/4.51| 4.54/4.66/4.71
425 | 4.64/4.83/4.96 4.52/4.59/4.61 | 4.46/4.53/4.56| 4.60/4.72/4.76
430 | 4.69/4.88/5.01 4.57/4.64/4.67 | 4.51/4.59/4.62| 4.65/4.77/4.81
al? (mz) = 0.118
410 | 4.49/4.69/4.84 4.37/4.44/4.46 | 4.30/4.38/4.41| 4.45/4.57/4.62
415 | 4.55/4.74/4.89 4.42/4.49/4.52 | 4.36/4.43/4.47| 4.50/4.63/4.67
420 | 4.60/4.80/4.94 4.47/4.55/4.57 | 4.41/4.49/4.52| 4.55/4.68/4.73
425 | 4.65/4.85/5.00 4.52/4.60/4.63 | 4.46/4.54/4.58| 4.61/4.73/4.78
430 | 4.71/4.91/5.05 4.58/4.66/4.69 | 4.52/4.60/4.63| 4.66/4.79/4.84
al™ (mz) = 0.120
410 | 4.51/4.72/4.88 4.37/4.45/4.48 | 4.31/4.39/4.43| 4.46/4.59/4.64
415 | 4.56/4.77/4.93 4.43/4.51/4.54 | 4.36/4.45/4.48| 4.51/4.64/4.70
420 | 4.61/4.83/4.99 4.48/4.56/4.59 | 4.42/4.50/4.54| 4.56/4.70/4.75
425 | 4.67/4.88/5.04 4.54/4.62/4.65 | 4.47/4.56/4.59| 4.62/4.75/4.80
430 | 4.72/4.94/5.10 4.59/4.67/4.71 | 4.53/4.61/4.65| 4.67/4.81/4.86

Table 3.1:Numerical values of b quark masses in units of GeV for a gM&mass foim, (7)) for p = my(me), m = 4 and
three values of\”) (m). Flavor matching was carried out at = 7z, (7, ). Numbers with a star are given in the larg-

approximation.

2.1.2. Bottom quark mass from spectral sum rules
The spectral sum rules foer(e*e~ — bb) start from the correlator of two electromagnetic bottomrua

currents

~i [ dw el 0|7 (@) L0)]0). 23)

(guu q2 — 4 qz/) H(qz) =
wherejfj(a:) = b(x)7,b(z). Using analyticity and the optical theorem one can relagertttically calcu-
lable derivatives oflI at¢? = 0 to moments of the total cross sectiofe™ e~ — bb),

1272 Q3

d\" _ o ds
n (d—q2> H(q )q2:(] - /Sn-i-l R(S)7

whereR = o(ete™ — bb)/o(ete” — ptp™). From Eq.(24) it is possible to determine the bottom
quark mass [28]. From the theoretical point of vieveannot be too large because the effective energy
range contributing to the moment becomes of order or smidler Aqcp and non-perturbative effects
become uncontrollable. Since the effective rangg/efcontributing to the spectral integral is of order
my/n one finds the range

M, = (24)

n <10, (25)
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‘ author ‘ mp (M) ‘ other mass comments, Ref. ‘

‘ spectral sum rules ‘

Voloshin 95 Mo = 4.834+0.01 | 8 <n <20, NLO; no theo.uncert. [29
Kuhn 98 Mo =4.7840.04 | 10 < n < 20, NLO [30]
Penin 98 m, e = 4.78 £ 0.04 | 10 <n < 20, NNLO [31]

Hoang 98 Mo = 488 £0.13 | 4 <n < 10,NLO[32]

Hoang 98 m, e = 4.884+0.09 | 4 <n <10, NNLO [32]
Melnikov 98 | 4.20 £0.10 | M| =4.56+£0.06 | < n < z, NNLO [33]
Penin 98 Mo = 4.804£0.06 | 8 <n <12, NNLO [31]
Jamin 98| 4.19 +0.06 7<n <15[34]

Hoang 99| 4.20£0.06 | M;g=4.714+0.03 | 4 <n <10, NNLO [35]
Beneke 99| 4.26 £0.09 | M3 =4.60+0.11 | 6 <n < 10, NNLO [36]
Hoang 00| 417+0.05 | M, =4.69+0.03 | 4 <n < 10, NNLO, m, # 0[37]

Kiihn 01| 4.21 +0.05 1< n<4,0(2)[38]

Erler 02| 4.21 +0.03 0O(a?) [39]

Eidemuller 02| 4.24 +0.10 | M3%V =456 +0.11 | 3 <n < 12[40]

Bordes 02| 4.19+0.05 O(a?) [41]

Corcella 02| 4.20 +0.09 1<n<3,0(a?)[42]
T(1S) mass

Pineda 97 M. = 5.001007 | NNLO [43]
Beneke 99| 4.24 + 0.09 Mgge" =4.58 +0.08 | NNLO [36]
Hoang 99| 4.21+0.07 Mg = 4.73+0.05 | NNLO [44]
Pineda 01| 4.21 +0.09 Mﬁ‘ge" =4.39+0.11 | NNLO [27]
Brambilla 01 | 4.19 £+ 0.03 NNLO, pert. th. only [45]

Table 3.2:Collection in historical order in units of GeV of recent bmti quark mass determinations from spectral sum rules
and theY (1S mass. Only results where, was taken as an input are shown. The uncertainties quotebeinespective

references have been added quadratically. All numbers haea taken from the respective publications.

where a reliable extraction of the bottom quark mass is i&sin this range one can distinguish two
regions. In the large-region,4 < n < 10, thebb-dynamics is predominantly non-relativistic and thresh-
old masses are the suitable mass parameters that can baidetérIn the smalk region,1 < n < 4,

the bb dynamics is predominantly relativistic and th&S mass is the appropriate mass parameter. In
the following the advantages and disadvantages of the tpestpf sum rules are reviewed. Results for
bottom quark masses obtained in recent sum rule analysesieaw collected in Table 3.2.

Non-relativistic sum rules

The largen sum rules have the advantage that the experimentally unkmasts of thebb continuum
cross section above tHé resonance region are suppressed. A crude model for thenoanti cross
section is sufficient and causes an uncertainty in the b quads below thé0 MeV level. Depending
on which moment is used the overall experimental unceréainh the b quark mass are betweénand
20 MeV. Over the past years there has been a revived interesinimelativistic sum rules because new
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theoretical developments allowed for the systematic detetion of O (v?) (NNLO) corrections to the
spectral moments [31-33,35-37]. All analyses found thatNNLO corrections were as large or even
larger than the NLO corrections and various different mésheere devised to extract numerical values
for the bottom quark mass. In Refs. [33,35-37] thresholdsemsvere implemented accounting for the
renormalon problem. This removed one source of the badrpative behaviour, but it was found that a
considerable theoretical uncertainty remained, comiognfthe theoretical description of the production
and annihilation probability of théb pair. In Refs. [33] and [36] the kinetic and the PS mass were
determined from fits of individual moments. It was found ttiet NLO and NNLO results for the bottom
mass differ by abou200 MeV. In Ref. [33] it was argued that the results form an ali¢ing series and a
value ofmg, xin (1 GeV) = 4.56 & 0.06(ex,th) GeV was determined. In Ref. [36] only the NNLO results
were accounted based on consistency arguments with cotiopstaf theY(1S) mass and the result
mp,ps(2 GeV) = 4.60 £ 0.02(ex) £0.10(th) GeV was obtained. In Ref. [35] the 1S mass was employed
and ay?-fit based on four different moments was carried out. It wamébthat the large normalization
uncertainties drop out at NLO and NNLO and that the resultshfe mass at NLO and NNLO showed
good convergence. The result wag ;s = 4.71 £ 0.02(ex) £ 0.02(th) GeV. A subsequent analysis [37]
which included the effects of the nonzero charm mass yieldggs = 4.69 4 0.02(ex) & 0.02(th) GeV.

Relativistic sum rules

The smalln sum rules have the disadvantage that the unknown parts éb ttentinuum cross section
above theY resonance region constitute a substantial contributidghdspectral moments. The advan-
tage is that the computation of the theoretical momentssisilevolved since usual perturbation theory
in powers ofa, can be employed. In Ref. [38] the theoretical moments weteroined at orde©(a?)
and it was found that the perturbative behaviour of the izl moments is quite good. For the bottom
quark mass determination it was assumed that the unknowvariengntal continuum cross section agrees
with the perturbation theory prediction and subsequehigyrésultm, () = 4.21 £ 0.05 GeV was de-
termined. A more conservative analysis in Ref. [42] obtditie resultm, (m;) = 4.20 4+ 0.09 GeV.

2.1.3. Bottom quark mass from the mass of ¥fieS)

Among the earliest values of the b quark mass were detenomsathat were based on analysis of the
observed spectrum of tH€ mesons. However, since these determinations used poterddels to
describe théb dynamics they have little value for present analyses in Bsjoisy The same conceptual
advances that led to the progress in the determination aPthé) corrections to the spectral moments
also allowed to systematically determiti&v?) corrections to the spectrum of quark-antiquark bound
states, which provides another method to determine a bajtoark threshold mass. The disadvantage
of this method is that the theoretical tools only apply to¢hse in which the binding energy m;, v? is
larger thanAqcp, which is unlikely for higher radial excitations and questble for the ground state.
As such, also the theoretical methods to determine theteftdmon-perturbative corrections, which are
based on Shifman et al. [46], could be unreliable. In receatyses (see Tab. 3.2) only tA&1S) mass
has been used for a bottom mass extraction. The uncertaintmpletely dominated by the estimate of
the non-perturbative effects.

2.1.4. Summary ofy, determinations from sum rules

Comparing the results from the recent bottom quark massrdetations (see Tab. 3.2) one finds a re-
markable consistency among the various analyses. Hovikeampression could be misleading because
all methods have problematic issues. Therefore, it is prutteadopt a more conservative view in av-
eraging and interpreting the results. For the workshop is agreed that ther,(7;,) shall be used as
reference mass and that the respective threshold masdidsestietermined from it. This leads to an en-
hancement of the theoretical error in the threshold madsesto their dependence an. An averaging
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prescription for the results in Tab. 3.2 has not been gived jtawas agreed on the value

| my(m,) = 4.21£0.08 GeV. | (26)

Future work should aim to reduce the uncertainty to a levélloMeV.

2.1.5. Charm quark mass from sum rules

The charm mass plays a less important role thigrin applications related to the CKM determination,
although it certainly is a fundamental parameter. Perhapause of that, the determinationrof from
eTe~ — hadrons has so far received less attention than that,adind has not reached the same level
of maturity; we will not discuss the subject here. The mosen¢ analyses can be found in [40,47,38].
Typical results for the\IS massm.(7.) range between 1.19 and 1.37 GeV, with uncertainties varying
between 30 and 110 MeV.

2.1.6. Charm and bottom quark masses from Lattice QCD

The determination of both heavy and light quark masses iobtiee most important field of activity of
lattice QCD simulations. Two major theoretical advancegelalowed to increase the accuracy of these
determinations. The first one has been the development epadarbative renormalization techniques.
The renormalized quark mass, (1), in a given renormalization scheme, is related to the baaekomass
myq(a), which is a function of the lattice spacinagthrough a multiplicative renormalization constant,

mq(p) = Zm(pa)mgy(a) . (27)

The bare quark mass,(a) (with ¢ = u, d, s, c,...) is a free parameter of the QCD Lagrangian. It can
be computed on the lattice by requiring the mass of some gdiyisadron £, K, D, B,...), determined
from the numerical simulation, to be equal to the correspaneéxperimental value. Therefore, one
experimental input is needed to fix the value of the quark rfassach flavour of quark.

The quark mass renormalization constaf), (1 a), can be computed in principle in perturbation
theory. Its perturbative expansion, however, is known @alyne loop and the corresponding theoretical
uncertainty is therefore rather large. The non-pertuwbatenormalization techniques allow to compute
Zm, in a non-perturbative way directly from a numerical simigiat with an accuracy which is at the
level of few per cent. The two most important non-pertusgatenormalization methods developed so
far are based on the so called RI/MOM [48] and Schrodingectional [49] schemes.

The other important theoretical progress, in lattice QCRudations, has been the introduction
of improved actions and operators, which allow to reducerditzation errors (finite cut-off effects)
from O(a) to O(a?). This improvement has been particularly relevant for thtck determination of
the charm quark mass. Typical values of the lattice cutiofEurrent numerical simulations, are in the
rangea™! ~ 3 — 4 GeV. With these values, leading discretization effectgpprtional tom,a can
be of the order of 30% or larger, and they would represent tApmsource of systematic uncertainty
in lattice determinations of the charm quark mass. The usepfoved actions, combined with the
extrapolation to the continuum lim{z — 0) of the results obtained at fixed lattice spacing, allows to
reduce discretization errors well below the 10% level.

Two lattice determinations of the charm quark mass, whigheh non-perturbative renormal-
ization and a non-perturbatively improved action, havenbeerformed so far. The results, in théS
scheme, read [50,51]

Me(Me) = 1.26 4 0.04 & 0.12GeV
me(Me) = 1.301 + 0.034GeV. (28)
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The first of these results has been obtained at a fixed valukeofattice spacing, corresponding to
a~! ~ 2.7 GeV. The second one also involves an extrapolation to thérwamm limit, and therefore
the prediction is more accurate in this case. At fixed valuteiattice spacing the two calculations are
in very good agreement. The only uncertainty which is nottedion Eq. (28) is due to the use of the
gquenched approximation. For thequark mass the quenching effect has been found to be vety, sifna
the order of 1-2% [52,53], while determinations of this effor light quarks are more uncertain, lying
in the range between 10 and 25%. In order to account for theahireg error in the case of the charm
quark mass, a (probably conservative) estimate consistddimg a systematic uncertainty of the order
of 10% to the result of Eq. (28). This gives, as best lattitemede for the charm quark mass, the value

Me(Me) = 1.30 4+ 0.03 + 0.15GeV. (29)

Lattice determinations of thg-quark mass have reached, at present, a very high level bf bot
statistical and systematic accuracy. Since the mass of theark is larger than the UV cut-off (the
inverse of the lattice spacing) used in current latticeuwdatons, the quark cannot be simulated directly
on the lattice. Therefore, one is led to use an effectiverthdike HQET or NRQCD, in which the heavy
degrees of freedom associated with thguark are integrated out. Within the effective theory, tbkep
mass of theé quark is related to the B meson mads; through the relation

Mp =mP 4 ¢ —om, (30)
which is valid up toO(1/m?) corrections. In Eq. (30)s is the so called binding energy adeh is
a mass counterterm induced by radiative corrections. Heitimor ém are real physical quantities,
and indeed they are separately power divergent. The biretieggye is the quantity which is directly
measured in the numerical simulations of the effectiverjea the lattice. Atthe same time, an accurate
determination obm is necessary in order to achieve a precise estimate éttjoark mass.

The most accurate determination of thguark mass on the lattice has been obtained with the
HQET [53]. It relies on the NNLO perturbative calculationtbé residual mass performed in Ref. [54].
The final unquenched\y = 2) result for theb-quark mass in th&IS scheme reads

() = 4.26 + 0.06 & 0.07GeV, (31)

in which the combined statistical and systematic uncetamat the level of 2%. Other lattice deter-
minations of theb-quark mass have been also obtained by using NRQCD [55].eS$hmcsystematic is
rather different in the latter case, it is quite reassurmijrtd that the lattice-NRQCD results are in very
good agreement with the prediction of Eq. (31).

The lattice determinations of thiequark mass can be further improved. In the quenched case,
the residual mas&n has been computed @(a?) by implementing the so called numerical stochastic
perturbation theory [56]. The same NNNLO accuracy coulddigexved also for the unquenched theory.
More recently, a completely non-perturbative approackéocalculation obm has been proposed. The
corresponding (preliminary) quenched result for bhguark mass isn,(m;) = 4.53(5)(7)GeV [57],
which is larger than the lattice determination of Eq. (319 #man the non-lattice estimates reviewed in
the previous subsection. Since the approach of Ref. [58us it deserves further investigations. On the
other hand, being completely non-perturbative, it is gpitemising for future and even more accurate
lattice determinations of thequark mass.

2.2. Extraction of heavy-quark parameters from semileptonc moments

Important information on the parameters of the OPE can raeeid from the moments of the differential
distributions in s.l. and radiative B decays, which encdaeghape of these spectra. Recently, the first
few moments of the hadronic, leptonic, and photonic spantsal. and radiative B decays have been
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measured by several experiments [58,59,60]. We define tmeemis of the leptonic energy distribution
as

1 dl 1 n dl
MZ:—/dEE—- MZ:—/dE E,— M!) — 1 32
1= 7 ¢ ZdE/ n= T e( ¢ 1) iz, (n>1), (32)
and the moments of the distribution &f x, the invariant hadronic mass, as
1 _ drl’ 1 dI’
X 2 2 2 . X _ 2 2 2 \\n
M =T /dMX (MX—MD)—dM)Q(7 My =T /dMX (Mx —(Mx)) FIvER (n>1), (33)

where Mp = 1.973 GeV is the spin average® meson mass and is the total s.l. width. In general,
n can also be fractional. Some experiments apply a lower cuherepton energy. In that case two
truncated leptonic moments, originally suggested by Graznhat. [61] and defined as

_ Ji7(dlg/dE))dE, [ B(dVy/dE)dE,

Ry = and Ry = ,
O [ 5Ty /dE)dE, LT (AT /dE)dE;

(34)

are often used in the experimental analysis. The theoldtamraework to interpret these data has long
been known and is based on the OPE. Different formulationst,edepending on the way the quark
masses are treated. For instance, theand m. masses can be taken as independent parameters or
subject to a constraint om; — m,., imposed from the measurdf*) and D*) meson masses. The
second choice introduceslgm, expansion. Another option concerns the normalization reehased

for quark masses and non-perturbative parameters. Asiegglan the previous section, one can use
short-distance masses, such as the low-scale running snasgmle masses.

The moment9/¢, R;, andM.X are highly sensitive to the quark masses and to the nonspative
parameters of the OPE. For instance, the hadronic moniépit/anish at the parton level and are gen-
erated only by real gluon emission@t«;) and by non-perturbative effects suppressed by powers of the
b quark mass. The OPE expresses lepton moments through gqaasdesas a double expansiorin
and1/my:

n 2 2 3 3

M = (%) [gon(r) ()= + B (1) 575, + (1) ’;—i + d(r) ;—% +5,(r) %g +..|, (39
wherer = (m./m;)%. Analogous expressions hold for the truncated moméntsThe higher coeffi-
cient functionsb(r), &(r), ... are also perturbative seriesdn. The functionsp,, in Eqg. (35) are well-
known parton expressions, given e.g. in [62]. The expentatalues of only two operators contribute
to O(1/m3): the Darwin termp%, and the spin-orbital term? ;. Due to the kinematic definition of the
hadronic invariant mas&/%, the general expression for the hadronic moments inclddgsexplicitly,
but it is otherwise similar to Eq. (35):

MB —myp ! (&% 2
Mri( = ml%n Z [TI)] <Enl(’r) + anl(’r)?s + bnl(’r)% + Cnl(r)gl_cé
=0

pgD P%s

It is possible to re-express the heavy quark masses,in the above equations, in terms of the meson
masses)My,, , through the relation [21]:

2 2 3 3 3
~ Mg — QHGM pp +aHyPLs — P 1
MHQ:mQ+A+ ™ QG+ D Q2LS nl_I_O _3 ) (37)

2mg 4m m

Q Q

whereay, = 1 and—1/3 for pseudo-scalar and vector mesons, respectively. Thefubese expres-
sions introduces an explicit dependence on the non-locatletors contributing te?,. In the notation
of [63], pil corresponds to linear combinationsAf_4.
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©n Qn, b, Cn dy, Sn,
M 0.6173 | 0.015| 0.31| -0.73| -3.7 | 0.2
Mj(x10) | 0.3476 | 0.026| 1.7 | -1.0 | -10.2| -0.9
MY%(x10%) | -0.3410| 0.066| 3.4 | 1.3 | -23 | -4.2

Table 3.3:Numerical values of the coefficients in Eq.(35) evaluated=@t06 andm kin(1 GeV) = 4.6 GeV and without a

lepton energy cut.

i | Eg | Ei Eis a0 a1 bio bi co | ci1 | dio | Sio
1] 0.839 1 0 0.029 | 0.013 | -0.58| -058| 0.31| 0.87 | 3.2 | -04
2 0 0.021 0 -0.001| -0.002 | 0.16 | 0.34 0 -0.05| -0.8 | 0.05
3 0 0 -0.0011| 0.0018| 0.0013| O 0.034| O 0 0.15( O

Table 3.4:Numerical values of the coefficients in Eq.(36) evaluated=8t06 andm; kin (1 GeV) = 4.6 GeV and without a

lepton energy cut.

The moments of the photon spectrum in inclusive radiative&gsB — X+, are also useful to
constrain the non-perturbative parameters. The releeamtuflae can be found in [65] and Refs. therein.

Of all the possible formalisms we discuss here only two extr&ase$. The first formalism is
based on the kinetic running masses; (1), and non-perturbative parameters, introduced in [2086].
charm mass expansion is assumed. The second formalismyanplark pole masses and tB&) and
D™ meson mass relations. Contributions throata3,) [67,68] andO(1/m3) [1,2,62,63,69,61,70]
to the moments are available. Depending on the formulatiopied, the number of parameters involved
at this order ranges from six to nine. Some of these paraméiiez m; and Ay ~ p%;/?), are relatively
well known. Others, notably those which appea®gt /m;), are virtually unknown.

2.2.1. Themnpyin(ft), Mekin(p) and p2 (1) formalism

The quark masses are here identified by the running kinetickquassesn, ki, (1) andme yin (1), and
since no relation like Eq. (37) is used, they are two indepahgarameters. Apart from?2(z) and
12(p), defined here as expectation values in the actual B mesare, éne twol /m; parametersp?,
andp? ;. The effect ofp? 4 turns out to be numerically small. In Egs. (35) and (36) thessmatior

is given by(m. iin (1) /mpxin(12))?, and theb quark mass is understood @8 xi, (1). The perturbative
coefficients additionally depend qrym,; and the mass normalization scalés set atu = 1 GeV. To
illustrate the size of different contributions fa, we give the relevant coefficients for the first three
moments in the case without a cut on the lepton energy in TaBleusingm kin(1 GeV) = 4.6 GeV
andr = 0.06 [71] (the O(a2/3y) corrections are also available [68]). In the case of hadrarements,
keeping terms up td)/mg, we discard in Eq. (36) coefficients;, c,; with [ > 1, andd,,;, s,,; with [ > 0.
The only non-vanishingz;, coefficient isEg = » — M3 /m?. The value of the other coefficients, at
r = 0.06 and again without a cut on the hadron energy, are listed ifeTaB. TheO(a?24,) corrections
to hadronic moments are not yet available in this scheme.

§ A few different possibilities are considered in [65].
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2.2.2. The\ and\; formalism

This widely used scheme results from the combination of tR& @ith the HQET. Following the notation
of Ref. [70], the moments are expressed in the following garferm:

as(M a? A as A 1M + ey + 3 A2
ao—l—a1¥+azﬁoﬂ—;+b1ﬁ—+52fm + 14 %22 >
B B B

M, = Mk

1 _ _ - AL
t— (i MA+da XA+ d3 A° +dypy +d5 p2+ D dsii T +0< Q§D> (38)
Mg i=1,4 mg

wherek = n andk = 2n for leptonic and hadronic moments, respectively, whije= 0 for hadronic
moments. Analogous expressions hold for the truncated msmé/z = 5.3135 GeV is the spin-
averaged B meson mass, afid = 11 — 2/3ny, with ny = 3. The termsO(a?25y) andO(a;A) are
not known in the case of the third hadronic moment. The coeffis a;, b;, c;, d; for the first three
Ieptonic,Mf,zvg, and hadronic momenthfQ,g, without a cut on the lepton energy are given in [71].
The coefficients for = 1,2 with a cut on the lepton energy and fé% ; can be found in [65]. The
non-perturbative parameters in Eq.(38) are related tethoSec. 2.2.1. by the following relations, valid
up toO(ay):

Ty + 375, T3+37,

= —h- S g =3+ 2 )

3
: = . 39
e e P15 PLs = 3p2 (39)

Perturbative corrections introduce a significant numédd&erence between the parameters in the two
schemes. Ali = 1 GeV.
2 _ 2

A~ Mp — myqn(1 GeV) — % —026GeV; A ~u2(1GeV) — 0.17 GeV2.  (40)
As anticipated in the previous Section, the use of the ifirgel pole quark mass induces in this formal-
ism large perturbative corrections, which are however etgatto cancel in the relation between physical
observables, as long as all observables involved in thgsisare computed at the same ordein We
also note that, as a consequence of the HQET mass relatiotigefmesons, the intrinsic expansion pa-
rameter in Eq.(38) i$/Mp, rather thari /Mp. The convergence of this expansion has been questioned,
in view of indications [72,73] that the matrix elemerfisof some non-local operators could be larger
than that expected from dimensional estimates.

Higher moments are generally more sensitive to e corrections, but the uncertainty due
to unknown perturbative and non-perturbative higher arggevents a precision determination of the
related parameters. Higher moments contain nonethelessl irformation: as we will see below, they
have been employed in the first analyses based on multi-péearits [65,71].

Measurements of the moments and non-perturbative paramets

The study of moments in B meson s.I. decays Bne: X allows to perform several independent deter-
minations of the non-perturbative parameters and is nosyaar by different experiments. Here we sum-
marize the measurements performed by the CLEO collaborat&ing data at the CESR e~ collider,
and by the DELPHI Collaboration at LEP. Measurements of tiseliadronic moment iB — X ¢ with
different minimum charged lepton momentum have also begorted by the BaBar Collaboration [78].

CLEO and BaBar measurements have been performed at(the) resonance. While there is an
obvious advantage in measuring the spectra in events wieidetaying B rest frame almost coincides
with the laboratory frame, low energy particles cannot leniiied there. It is thus necessary to rely
on models for extrapolating the lepton energy spectrum to eaergy or to resort to computations for
a truncated spectrum. On the other hand, performing the/sinait energies around tt# peak, the
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Fig. 3.1:Constraints om (GeV),\; (GeV?) from the first hadronic moment and the first moment of thegshehergy spectrum

in b — sv[58,74]. The inner bands show the experimental error bafidee light gray extensions show the theoretical errors.

large momentum of thé-hadrons ensures sensitivity to almost the full lepton spet, thus reducing
modelling assumptions. The main challenge put by the highergy is the accurate determination of
the B rest frame.

2.2.3. Moments of hadronic mass and- sy photon energy spectra at CLEO

The first experimental determination of the HQE parametaset on the shape variables was performed
by the CLEO collaboration [58]. The analysis was based omthasurement of the photon spectrum
above 2.0 GeV ih — sv inclusive decays [74] and on s.l. inclusive decays. CLEOsuesd the first
two moments of the photon spectrum in radiative decays,

(Ey) =2.346 £0.032 £ 0.011 GeV and (EZ) — (E,)? = 0.0226 & 0.0066 = 0.0020 GeV>

the first of which is related to half the value of thequark pole mass, and thus fg of course up
to1/M }E”? corrections. The parameter was then extracted from a measurement of the first moment,
M;X, of the mass of the hadronic system recoiling againsttagair in s.I. decays. This measurement
takes advantage of the ability of the CLEO experiment to mettact ther 4-momentum with high
efficiency and resolution, by virtue of the hermeticity of tthetector and the simplicity of the initial state
in T(4S) — BB. CLEO applied a 1.5 GeV/lower cut on the charged lepton momentum. The explicit
relation betweer/{* and the HQE parameters )\, etc. is given in that case in [58]. CLEO found

M{¥ =0.251 £0.023 £0.062 GeV? and Ms< = 0.576 + 0.048 + 0.163 GeV*,

where the first error is statistical and the second is systenfrom M/;* and(E,), CLEO extracted\
and )\, obtainingA = 0.35 + 0.07 + 0.10 GeV , and\; = —0.236 + 0.071 4 0.078 GeV? . Here, the
first error is governed by the experimental measurementseofifoments, and the second error reflects
theoretical uncertainties, and in particular those rel&eO(1/m3) contributions. Figure 3.1 shows the
bands corresponding to these two constraints as well a& tie= 1 ellipse in theA, \; plane.
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Fig. 3.2: Left: constraints from combined electron and muen Rnoments, witthx? = 1 contours for total experimental and
theoretical uncertainties [75]. Right: comparison of thanse constraints with those in Fig. 3.1; and A are computed in the

M S scheme to ordet /M3 and Gy

2.2.4. Moments of the leptonic spectrum at CLEO

A recent CLEO analysis [75] reports the measurement of timeaited moments of the lepton spectrum,
with a momentum cut op, > 1.5 GeV/c in the B meson rest frame [75]. This choice for the lepton
momentum cut decreases the sensitivity of the measureméne secondary leptons from the cascade
decays{ — ¢ — s/d¢v). The small contribution coming from charmless s.I. dedays u/v is included

by adding the contribution fromI,/dE,, scaled by|V,;/V.|? [61,64]. CLEO results forR are
given in Table 3.5. The values of the HQE parameters and ¢éxperimental uncertainties are obtained
by calculating they? from the measured momentg,R and R*” and the covariance matrix g, -
The theoretical uncertainties on the HQE parameters aegrdieted by varying, with flat distributions,
the input parameters within their respective errqr%iﬂ = 0.09 + 0.02, ay = 0.22 + 0.027, Ay =
0.12840.010 GeV?, p; = 3(0.5)3 £1(0.5)% GeV?, po = 0+(0.5)3 GeV?, andZ; = 0.0£(0.5) Ge\s,
The contour that contains 68% of the probability is shownim B.2. This procedure for evaluating the
theoretical uncertainty from the unknown expansion patareethat enter at orddr/M3, is similar to
that used by Gremm and Kapustin [63] and Bauer and Trott fa4]different from the procedure used
in the CLEO analysis discussed above [58]. The dominantélieal uncertainty is related to thgA/3
terms in the non-perturbative expansion discussed beReE.[65] has explored the convergence of the
perturbative and non-perturbative series appearing iretpeessions for the moments described in the
previous Section. The most conservative estimate givemadtion error of at most 20%. The theoretical

RE*P RSP

0 1
et 0.6184 £ 0.0016 4+ 0.0017 | 1.7817 £ 0.0008 % 0.0010
ut 0.6189 £ 0.0023 4+ 0.0020 | 1.7802 £ 0.0011 4+ 0.0011
Combined| 0.6187 +0.0014 4+ 0.0016 | 1.7810 = 0.0007 4 0.0009

Table 3.5:Measured truncated lepton moments é&rand u*, and for the sum.
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uncertainties presented in this CLEO analysis do not irecths truncation error. The extracted and

A are given in Table 3.6. The rhs in Fig. 3.2 shows a compari$timese CLEO results with the ones in
Ref. [58]. The errors shown correspond to the experimemtat®only: the agreement is good, although
the theoretical uncertainties do not warrant a very prezigeparison.

\(GeV?) A(GeV)
e | —0.28 4 0.03|star % 0.06| sy & 0.14]y5, | 0.41 = 0.04]gas & 0.06]sysr & 0.12]11
pE | —0.22 4 0.04]spar =+ 0.07|syer =+ 0.14)y1, | 0.36 & 0.06]gar & 0.08]sysr & 0.12]11
(£ | —0.25 4 0.02|srar =+ 0.05|syer + 0.1y, | 0.39 £ 0.03|gar & 0.06] syt & 0.12]11

Table 3.6:Values\; and A extracted from CLEO measurementRy 1, including statistical, systematic, and theoretical esio

The last row shows the results obtained combinifigand u* samples.

CLEO also performed an analysis of the truncated leptonimerts in terms of the short distance
m;S mass instead of the pole mass scheme implicit inXhe\ formalism. The results in Ref. [64]
are used to extragh;>, or ratherA'S = Mp—mS. Table 3.7 summarizes the values/df andm;®
extracted fromR, ; for electrons and muons samples separately, and for their sthe final result
mgS = (4.82 & 0.07|ezp £ 0.11]4,)GeV /c? is in good agreement with the estimatesnef® [35,76]
discussed in Sec. 2.1.

A5 (GeV) méS(GeV/cz)
et 0.52 & 0.04]5tas & 0.06]syst % 0.11]ys, | 4.79 = 0.07|egp % 011,
ut 0.46 £ 0.05]s¢q¢ £ 0.085yst £ 0.11]4, | 4.85 £ 0.09]eqp £ 0114,
Combined| 0.49 % 0.03|q¢ £ 0.06]5yst £ 0.11]y, | 4.82 £ 0.07|cqp £ 0.11]¢,

Table 3.7: Values ofA'® and m{® extracted fromR, . The quoted errors reflect statistical, systematic, andristical

uncertainties, respectively.

We have mentioned in the previous Section that one can atssid=y fractional moments. Bauer
and Trott [64] have explored different lepton energy moraghy varying the exponent of the energy
in the integrands and the lower limits of integration. Intadar, they identify several moments that
provide constraints foml%S and \; that are less sensitive to higher order terms in the nonutEtive
expansion. The shape of the truncated lepton spectrumthgcarasured by CLEO [77] allows to
measure the following ones

) _ N BYT(dC/dB)AE, i) [y 6 BYO(ds /dEy)dE,

R == 41
C T S BRdUg/dBdE, T (AU dEdE, (41)
R — I ElO'S(dFsl/dEz)dEl’ @ _ Jig BEP(dDg/dE)dE, “2)

Ji7(dlsi/dE)dE,  fis EFP(dU g /dE)dE;
Tables 3.8 and 3.9 summarize the measured values, as wadl staitistical and systematic errors. Fig. 3.3
shows the values of!S and\; extracted from these two sets of observables, as well astisraints
derived from the momentg; andR;. Although these results confirm that mgwg terms induce much
smaller uncertainties usin@fl;‘l), the experimental errors are larger in this case becausediilar

slopes for the two constraints. However, the differenttiadamportance of experimental and theoretical
errors makes these results complementary to the previasreported.
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R (Gev-139) R”(GeW?)
e* | 0.3013 + 0.0006]stqr £ 0.0005]5ys¢ | 2.2632 £ 0.0029]star + 0.0026]sys1
= | 0.3019 £ 0.0009]star & 0.0007| syt | 2.2611 % 0.0042|s1ar + 0.0020] syt
% | 0.3016 £ 0.0005star + 0.0005]syst | 2.2621 % 0.0025]s1ar + 0.0019] gyt

Table 3.8:Measured truncated lepton momemg’,)) for e*, pF, and their weighted average.

) (Gews) RV (Gev-04)
et | 2.1294 £ 0.0028|sqr £ 0.0027|5ys¢ | 0.6831 % 0.0005|st0¢ &= 0.0007| sy st
pE | 2.1276 £ 0.0040|sq¢ £ 0.0015]5y5¢ | 0.6836 = 0.0008|s14¢ &= 0.0014 5y 5t
0% | 2.1285 £ 0.0024|stq¢ & 0.00185ys¢ | 0.6833 £ 0.0005] 501 2= 0.0006| 5yt

Table 3.9:Measured truncated,, , moments foe™, ui, and their weighted average.

Bauer and Trott [64] also identify moments that are insemstb més and);. They suggest that a
comparison between a theoretical evaluations of thesditgumaoments” and their experimental values
may provide useful constraints on possible quark-hadraiitgwviolations in s.l. processes. CLEO
measures two such “duality moments”, defined as

_ Jue BT (dLy/dE)dE,
[15 Bl (dD g /dE)dE;’

_ J1.6 EF2(dD g /dEy)dE,
Ji5 EEP(dD g /dE;)dE

D3 Dy (43)
The theoretical predictions from Ref. [64] are comparechwite measureds 4 from the combined
lepton sample in Table 3.10. The agreement is excellentrarglrio internal inconsistency of the theory

is uncovered in this analysis.

Theoretical
0.5195 + 0.0006|A1 As = 0.0003|¢x
0.6040 £+ 0.0006|A1,;\15 + 0.0005|¢,

Experimental
0.5193 = 0.0008|¢zp
0.6036 = 0.0006| gy

D3
Dy

Table 3.10:Measured duality moments and theoretical predictions gusite values\; and A'S [77]. The errors reflect the

experimental uncertainties in these parameters and thergtieal errors, respectively.

2.2.5. Moments of leptonic and hadronic mass spectra at HHLP

Results obtained by the DELPHI collaboration for the firsethmoments of the lepton energy and the
hadronic mass spectra have been presented at ICHEPO2 [5®Janklyses were based hadron s.l.
decays into electrons and muons, selected from a sampleoaf abx 10% ete™ — Z0 — ¢ events
recorded with the DELPHI detector at LEP. Electrons and rsueere required to have a momentum
greater than 2-3 GeV¥in the laboratory frame. For the lepton energy spectrum areasent an inclusive
reconstruction of the secondary vertex of the charm hademaylwas performed. The energy of the B
hadron was estimated as the energy sum of the identifiedngfite secondary hadronic system and the
neutrino energy, evaluated from the event missing enerpg. identified lepton was then boosted back
to the reconstructed B rest frame and its endigye-computed in this frame. Results for the first three
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Fig. 3.3: Constraints on the HQE parameteks and A'® from different CLEO measured spectral moments.

moments are summarized in Table 3.11. In order to study tbeoha& mass distribution the exclusive
reconstruction oB) — D**/i states was performed and the tdil production inb-hadron s.I. decays
was determined. Moments of the hadronic mass distributierewmeasured fob** candidates and
moments of the hadronic mass distribution in inclusieadron s.l. decaysd x, were derived including

b — D and D*¢/~7, channels. Results for the first three moments are summariZzeable 3.11. As
we will discuss in the next subsection, the DELPHI resultgehzeen used in [71] as inputs of a multi-
parameter fit to determine the heavy quark masses and nalaive parameters of the HQE. The
use of higher moments guarantees a sensitivity td the; parameters and the simultaneous use of the
hadronic and leptonic spectra ensures that a larger nunfiparameters can be kept free in the fit.

Moment | Result (stat) (syst)

My (Ey) (1.383 +0.012 +0.009) GeV
Ey) (0.192 40.005 40.008) GeV
E;) |(-0.029 4+ 0.005 +0.006) GeV
Mx) | (0.534 40.041 +0.074) GeV
Mx) | (1.226 +0.158 +0.152) GeV
Mx) | (2970 +0.673 +0.478) GeV

Table 3.11:DELPHI results for the first three leptonic and hadronic marse

2.2.6. Multi-parameter fits of heavy-quark parameters antiook

Arecent and promising development, in view of the greatecigion expected at the B-factories, consists
in combining leptonic and hadronic moments in a multi-pagten fit to determine not just:, and

A1 ~ —p2 but also the dominan®(1/m;) parameters. The first comprehensive analyses that employ
this approach [65,71] have shown that present data arestensiwith each other (with the possible
exception of the preliminary BaBar data [78]) and with owgdtetical understanding, most notably with
the underlying assumption of quark-hadron duality.

59



My (M) Ma(My)  Ms(My) M (E) Mz (E)) Ms(E) M (My) M>(My) Ms(My) M:(E) M,(E)) Ms(E)
1 5]

—~ o0 =
S : 3 F N
(&3 S o9Ff ! VN E
~, 0.1} i g
= i = osf
RS /\: 07 AN 1
o3l ~ E 0.6 ;
[ 05
0.4 o4l
o5l I 0.3p
~~~~~~~~ 02
-6 /= E
h 0.1
070701 02 03 04 05 06 07 08 09 1 %3z

N (GeV)

Fig. 3.4: Projection of the constraints from the six DELPHI momentgtan(m, (1 GeV), x2) and (A, A1) planes [71]. The
bands correspond to the total experimental error and giveping all the other parameters at their central values. @lipses

represent the & contour.

The analysis of [71] is based solely on the DELPHI data in @&bl1, and performed in the two
theoretical framework described above in Secs. 2.2.1. gh@d.Z'he projection of the various constraints
on the @y kin(1 GeV), 2) and @, \;) planes are given in Fig. 3.4, which shows very good consigte
The results of the fits are shown in Tables 3.12 and 3.13. Ifrdheework of Sec. 2.2.1. the charm mass is
a free parameter of the fit, though strongly correlated tdtittom mass. Given a precise determination
dmy kin(1 GeV) ~ 50 MeV, the charm mass could therefore be extracted with ~ 90 MeV, a
competitive determination [71] (Cfr. Sec. 2.1.).

Fit Fit Fit Syst.
Parameter Values Uncertainty Uncertainty
mpxin (1 GeV) | 4.59 + 0.08 +0.01 GeV
mexin (1 GeV) | 1.13 +0.13 + 0.03 GeV
p2 (1 GeV) 0.31 + 0.07 + 0.02 GeV
) 0.05 + 0.04 +0.01  GeV

Table 3.12:Results of fits to the moments of Table 3.11 forthéw), m.(x) and 2 (1) formalism [71].

The analysis of Ref. [65] includes the first two hadronic moteeneasured by CLEO and DEL-
PHI, Ry measured by CLEO, the first two leptonic DELPHI moments, &editst two moments of the
photon spectrum il — X,v. The results in one of the formalisms adopted are shown iteTaf4.
They are in good agreement with both CLEO and DELPHI analysestioned above. The preferred
ranges for the heavy quark masses and for the non-pertughmtrameters in Tables 3.12, 3.13, and 3.14
are in agreement with theoretical expectations and with etieer, although the analyses [65,71] differ in
several respects (data employed, additional constraciheme adopted, treatment of theoretical errors).

In summary, the experimental information appears so fasistent with the theoretical frame-
work, with the possible exception of the preliminary BaBasult. The emerging experimental informa-
tion from the B factories will eventually lead to a more coetplassessment of our present understanding
of inclusive s.l. decays.
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Fit Fit Fit Syst.
Parameten Values Uncertainty Uncertainty

A 0.40 +0.10 + 0.02 GeV
A -0.15 + 0.07 + 0.03 GeV
A2 0.12 +0.01 +0.01 GeV
p1 -0.01 + 0.03 + 0.03 GeV}
P2 0.03 + 0.03 +0.01 GeV}

Table 3.13:Results of fit to the moments of Table 3.11 forAhe X, formalism [71].

Fit Fit Fit

Parameter | Values Uncertainty

mg® 4.74 +0.10 GeV
A+ OEL 031 £017  GeV
p1 0.15 +0.12 GeV}
02 -0.01 +0.11 GeV?

Table 3.14:Results of fit for then}°-\; formalism [65].

2.3. Parton—hadron duality in B decays

Parton-hadron dualit} — or duality for short — is invoked to connect quantities ea#d on the quark-
gluon level to the (observable) world of hadrons. It is udéthea time, often without explicit reference to
it. A striking example of the confidence high-energy phydichave in the asymptotic validity of duality
was provided by the discussion of the widfiZz° — H,H;X). There was about a 2% difference
between the predicted and measured decay width, which ¢elibty debates on its significance vis-
a-vis theexperimentalerror, before disappearing when the analysis was improwad.concern was
expressed about the fact that tH& width was calculated on the quark-gluon level, yet meastwed
hadrons. Likewise the strong coupling(My) is routinely extracted from the perturbatively computed
hadronicZ® width with a stated theoretical uncertainty of 0.003 whicinslates into a theoretical error
in Theq(Z°) of about 0.1%.

There are, however, several different versions and impiéatiens of the concept of duality. The
problem with invoking duality implicitly is that it is very ften unclear which version is used. In B
physics — in particular when determining,| and |V,;| — the measurements have become so precise
that theory can no longer hide behind experimental errois.eslimate theoretical uncertainties in a
meaningful way one has to give clear meaning to the conceguality; only then can one analyse its
limitations. In response to the demands of B physics a ceraiide literature has been created on duality
over the last few years, which we summarize here. Technéatalld can be found in the references.

Duality for processes involving time-like momenta was fadtdressed theoretically in the late
'70's in references [79] and [80]. Using the optical theorehe cross section far"e~ — hadrons at

TThis name might be more appropriate than the more frequastigquark-hadron duality since gluonic effects have to be
included as well into the theoretical expressions.
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leading order inx.,,, can be expressed as

o(s) = 20 0m gy i (4

wherell(s) is defined through the correlator of electromagnetic custen
T (a?) = i [ d'a e OIT (J,(2)1,(0)) 10) = (90" ~ gu0)TL(e?) (45)

One might be tempted to think that by invoking QCD’s asymiptiseedom one can computde™e™ —
hadrons) for large c.m. energieg’s > Agcp in terms of quarks (and gluons) since it is shaped by short
distance dynamics. However production thresholds likeg¢Hor charm induce singularities that vitiate
such a straightforward computation. Under such circuntetsnduality between the QCD-inferred cross
section and the observed one looks problematic. It was steén [79] that the equality between the
two would be restored after averaging or “smearing” overrargy interval:

<T£gdronic>w ~ <T53rtonic>w (46)

where(...),, denotes the smearing which is an average using a smoothveigtion w(s):
() = /ds o w(s) (47)

The degree to Whicthﬁl‘}”"”iC>w can be trusted as a theoretical description of the observabl
(Thadronic)  depends on the weight function, in particular its width. dhde broad compared to the
structures that may appear in the hadronic spectral fumctioit could be quite narrow, as an extreme
case evenu(s) ~ d(s — sg). It has become customary to refer to the first and second Sosras
global andlocal duality, respectively. Other authors use different nana@sl one can argue that this
nomenclature is actually misleading. Below these itemglaseribed in more detail without attempting
to impose a uniform nomenclature.

Irrespective of names, a fundamental distinction conogruiuality is often drawn between s.l.
and non-leptonic widths. Since the former necessarilylimssmearing with a smooth weight function
due to the integration over neutrino momenta, it is oftemeadgthat predictions for the former are funda-
mentally more trustworthy than for the latter. However,tsaccategorical distinction is overstated and
artificial. Of much more relevance is the differentiatiorivibeen distributions and fully integrated rates.

No real progress beyond the more qualitative arguments f3f IRE9] and [80] occurred for many
years. For as long as one has very limited control over notwimative effects, there is little meaningful
that can be said about duality violation. Yet this has chdrfge heavy flavour physics with the devel-
opment of heavy quark expansions, since within this OPE dmonk we can assess non-perturbative
effects as well as duality violation.

2.3.1. What is parton—hadron duality?

In order to discuss possible violations of duality one hagite first a more precise definition of this no-
tion, which requires the introduction of some theoretiocal$. Here the arguments given in the extensive
reviews of Ref. [81] and [8%]are followed closely.

The central ingredient in the definition of duality that wile used here is the method of the
Wilsonian OPE frequently used in field theory to perform aasafion of scales. In practical terms this
means that we can write

i [z A o)=Y (5) @@ ol @)

it can be noted that even the authors of Ref. [81] and [82] koalsh very close in the substance as well as the spirit of

their discussion — do not use exactly the same terminologgerming different aspects of duality.
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for Q? = —¢> — oo. The following notation has been useel) denotes a state that could be the vacuum
—as forete™ — hadrons considered above — or a B meson when describing s.|. beaugysle/*
denote electro-magnetic and weak current operators ¢ or u) for the former and the latter processes,
respectively; for other decays like non-leptonic or rade&bnes one employs differedt B = 1 oper-
ators; the®,, are local operators of increasing dimension. The operdttmwest dimension yields the
leading contribution. Ikt e~ annihilation it is the unit operataf, = 1, for B decays, = bb. As we
have seen in Sec. 1.1., they lead (among other things) tcdilie partonic results. Yet the OPE allows
us to systematically improve the naive partonic result. Toefficientsc” contain the contributions
from short distance dynamics calculated perturbativegedaon QCD’s asymptotic freedom. Following
Wilson’s prescription a mass scalehas been introduced to separate long and short distancenéhg)a
both the coefficients and the matrix elements depend ontithkir product does not.

The perturbative expansion takes the form

o= (7%(;22)) e (49)

)

and is performed in terms of quarks and gluons. The expent&tlues for the local operators provide
the gateways through which non-perturbative dynamicsrente

The crucial point is that the OPE result is obtained in theliBaan domain, far from any sin-
gularities induced by hadronic thresholds, and has to bémeged analytically into the Minkowskian
regime relating the OPE result to observable hadronic giest As long as QCD is the theory of the
strong interactions, it does not exhibit unphysical siagties in the complex)? plane, and the analyti-
cal continuation will not induce additional contributioni concludeduality betweeﬂTjﬁd"O”i%w and
(Tﬁg’”“’"ic>w arises due to the existence of an OPE that is continued dcallyt It is thus misleading to
refer to duality as an additional assumption.

Up to this point the discussion was quite generic. To spatiiyr s.I. B decays one chooses the
currentJ, to be the weak charged current related te> c or b — u. As already noted in Sec. 1.1., the
expansion parameter for inclusive s.l. decays is given byetiergy release 1/(my — m.) [1/m] for
b—clb— ul.

2.3.2. Duality violation and analytic continuation

One of the main applications of the heavy quark expansioheseliable extraction ofl/.;| and |V,
One wants to be able to arrive at a meaningful estimate ofhherétical uncertainty in the values
obtained. There are three obvious sources of theoretigaiser

1. unknown terms of higher order in;
2. unknown terms of higher order infmg;

3. uncertainties in the input parameters mg and the expectation values of local operators which
appear in the OPE.

Duality violations constitute additional uncertaintiéisey arise from the fact that at finite orderlifing,
the Euclidean OPE is insensitive to contributions of theetyp™@/#, with . denoting some hadronic
scale. While such atermis probably innocuous for beautygets not be for charm quarks. Furthermore,
under analytic continuation these terms turn into potéptiaore dangerous oscillating terms of the form
sin(mg /).

Though there is not (yet) a full theory for duality and its leiions, progress has come about in
the last few years for the following reasons:

¢ the understanding of the physical origins of duality vimas has been refined as due to
— hadronic thresholds;
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— so-called ‘distant cuts’;

— the suspect validity of /m,. expansions.
The issues surrounding the exponentially small terms digmlabove and their analytic continu-
ation have been understood.

There is an increasing array of field-theoretical toy madghgef among them the 't Hooft model,
which is QCD in 1+1 dimensions in the limit V. — oo. It is solvable and thus allows an
unequivocal comparison of the OPE result with the exacttsolu

For the analysis ob — c transitions the small-velocity (SV) expansion is a powidol [7].
Based on general expectations as well as on analysing thelsnode finds that indeed duality

violations are described by highly power suppressed ‘agicify’ terms of the form

for so

mq

1\"
T(mg) ~ <—> sin(may/u) (50)

me integer powet. More generally one can state:

Duality will not be exact at finite masses. It represents gir@pmation the accuracy of which
will increase with the energy scales in a way that dependbs®@pitocess in question.

Limitations to duality can enter only in the form of an osalihg function of energy omg (or
have to be exponentially suppressed), i.e. duality vioatannot modify all decay rates in the
same way.

The OPE equally applies to s.l. as well as to non-leptoni@yeates. Likewise both widths are
subject to duality violations. The difference here is qitative rather than qualitative; at finite
heavy quark masses corrections are generally expected lardes in the non-leptonic widths.
In particular, duality violations there can be boosted by dlocidental nearby presence of a nar-
row hadronic resonance. Similar effects could arise inratks, but are expected to be highly
suppressed there.

It is not necessary to have a proliferation of decay chantweieach the onset of duality, either
approximate or asymptotic. Instructive examples are pgexviby the SV kinematics in s.l. decays
and by non-leptonic rates in the 't Hooft model. For exampighe SV limit, the ground-state
doublet of D mesons alone saturates the inclusive s.l. dataynd is dual to the partonic rate [83].
The point here is that the large energy release would alloavgeInumber of states to contribute
kinematically, but only two channels are actually allowedlee dynamics.

Putting everything together it has been estimated by theoasibf Ref. [82] — thatluality violations in
the integrated s.l. width of B mesons cannot exceed thadraeof a percent. As such we do not envision

it to ever become the limiting factor in extractifig.;,| and|V,;| since the uncertainties in the expression
for the s.I. width due to fixed higher order contributionslwgimain larger than this level. The oscillatory
nature of duality violating contributions is a main ingrexli in this conclusion. It also shows that duality
violations could become quite sizeable if an only partiatiyegrated width — let alone a distribution —
is considered. Generally, for distributions the expangiarameter is not the heavy mass, rather it is a
quantity such a$/[mg(1 — x)] wherez is e.g. the rescaled charged lepton energy of a s.|. decam Fr
Eq. (50) one would expect that contributions the feim(mg[1 — x]/u)/[mq (1 — z)]* would appear in
differential distributions.

2.3.3.

How can we check the validity of parton—hadron dyalit

If in the future a discrepancy between the measured andgpeeldvalues for, say, a CP asymmetry in B
decays is found, one has to check very diligently all inggats upon which the prediction was based,
in particular the values fofl/;| and|V,,;|, before one could make a credible claim to have uncovered
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New Physics. This means one needs a measure for potentldy dualations that is not based purely
on theoretical arguments.

Most theoretical uncertainties do not have a statisticalrea As in the case of experimental sys-
tematics, the most convincing way to control them is to detee the same quantity in independent
ways and analyse their consistency. The heavy quark exganind themselves naturally to such an
approach since they allow the description of numerous destayg in terms of a handful of basic parame-
ters, namely quark masses and hadronic expectation vadesurse, such independent determinations
of the same quantity only probe the overall theoretical minby themselves they cannot tell whether a
failure is due to unusually large higher order contribusiam to a breakdown of duality.

The fact that both the inclusive and exclusive methods foaeting|V,;| and|V,,;| yield consistent
values (see Secs. 2.4.,2.5., 3., and 4.) is such a test. iteabicorrections are nontrivial and essential
for the agreement. As discussed in Sec. 2.2., the study ofantsoffers another important consistency
check. In particular, we emphasize that trepuark mass extracted from the shape variables is consistent
within errors, with the one extracted from sum rules anddattalculations (see Sec. 2.1.), and that
the analyses of CLEO and DELPHI data, and those of the leptmil hadronic moments point to very
similar values for the kinetic energy parametgr ~ —p2. This suggests that no anomalously large
higher order corrections or unexpectedly sizeable dusgldlating contributions are present in the HQE
used to described inclusive shl— ¢ decays. However, once again, we stress that these compadso
not represent direct tests of duality.

2.3.4. Model based investigations of duality

It is desirable to study in more explicit detail how dualitgnees about, how it is approached and what its
limitations are. This can be done in the context of exactlylde field theories, in particular the 't Hooft
model, which is QCD in 1+1 dimensions with the number of cadogoing to infinity [84]. There one
finds duality to be achieved very quickly, i.e. after a menedifial of channels open up.

For detailed studies in 1+3 dimensions one is at presenteldrio the use of quark models em-
ploying certain types of potential. However, one has to latilese models with care, as they have
sometimes led to confusion. In particular, it has been argudref.[86] that within quark models one
could have ar©O(1/mg) contribution to the ratio of inclusive to free quark totatdg rate. Such terms
are absent in the OPE, and therefore violate duality. Thenaemts presented in [86] and similar papers
have been discussed in [82], where their internal flaws haen Ipointed out. One of the important
lessons is that such models exhibit automatically the proebaviour in the Shifman-Voloshin (SV)
limit [7], where Agcp < dm = my — m. < my. In particular, they have to satisfy a set of sum
rules. Once one realizes that such models are automaticatigmpliance with what we know to be
true in QCD, it becomes clear that agm¢ terms can appear [88,89,90]. Of particular importance in

this context are the Bjorken sum rule f@r((%ﬁ) terms and the Voloshin sum rule fér(%) terms™.
b

Other terms are suppressed by higher powerk/of;, or powers ofA/ém, A being the level spacing
of O(Agcp), i.e. the difference between the ground state and the first exigitedl Once such models
have been brought into compliance with what we know to be it @CD - like the validity of the SV
sum rules — then they can play a significant heuristic roledimcating our intuition about the onset of
duality.

In Ref. [90] a detailed study of the cancellations requiradduality to hold have been performed
using a harmonic oscillator (HO) potential. The interesthi$ model is that the truncation of states to
the first band of orbital excitations (lowelt*) becomes exact to the relevant ordém?, which allows
us to perform a complete and explicit numerical or analyteedculation. Furthermore, this model is

**It also has been demonstrated explicitly that, contraryhatguggested in note 3 of Ref. [86], no terrr(’l(fi—i’;) existin
b
QCD [87].
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close to the ones used in [86], so that one can check prediselarious statements made there. Using
a constant for the leptonic interaction one finds in the haimoscillator model
Finclusive -1 3 1 A

— — —) + smaller terms (51)
Ffree quark Rsz (4 om )

Rsl =
whereA = TR — - is a model parameter containing the square of the harmoaoiltadgr radiusR and the
light-quark maSSnd Note that the first term inside the parentheses originates the kinetic energy
operator. In fact, it can be proven [89] that fegular potentials the whole series, directly calculated in
the model, ieexactlythe one given by OPE.

What is then the explanation of the apparent disagreemeht[86]? First, there is a misun-
derstanding induced by the expressidrirhg duality violation”, used sometimes in a misleading way.
Ref. [86] does not dispute that the OPE is basically right tirad the equality with free quark decay
is satisfied within the expected accuracy in the region osplgpace where the energy release is large
(t2, — t1/2)/A > 1, i.e. where many states are kinematically allowee-(¢2). This is certainly true
Whent is small. What may cause problems, according to [86], is timdyregion neat,,., where this
condition is not satisfied and large effects can be generatedording to the authors of [89], one can
certainly produce effects which violate the equality withe quark over the region of phase spatere
only the ground state is openeaf relative order /my, if this "relative order " means that one compares
to the corresponding free quark deaayer the same regionf phase space. But they object that such
effects be related to thiotal free quark decay which is much larger. Indeed, such effaetshat of
order1/mg with respect to the total free quark decay rate, but muchlemaluppressed by powers of
2A/dm [89]. This suppression factor amounts, in the standdred expansion at fixed ratio of heavy
masses, to further powers of the heavy mass, becauséthen m;. Also, numerically, they are small
since2A /dm is small.

The first example given by Isgur is that the decrease of thergistate contribution with decreas-
ing t (or increasingq’|) due to the form factor must be compensated by the increabe efcited states
to maintain duality with free quarks. This is exactly gudemal by the Bjorken sum rule in the heavy
quark limit, but it is no longer exact at finite mass, becalwze is a region below thB** threshold
where only the ground stai@ + D* contribute. Quantitatively, the term pointed out in [86]tlwa
constant leptonic interaction reads (the choice of thisratttion is not crucial):

m) 7|2
v e Mdtm%
5m —
ot

~ 52
Ffree ( )

where|q|? ~ (6m)? —t, —p? “” describes the falloff of the ground stai# (s the slope of the Isgur-
Wise function), and the mtegratlon limits are approxindate the desired accuracy. At the lower limit
of the numerator integral = (6m — A)? this falloff attains its maximum;-p? 2297 ZM’” . This term is by
itself the expression of &/m term in the SV limit [86]. However, the real magmtude is mschaller
because one must integrate over a limited phase space, twailetegral of the free quark decay in the
denominator extends over a much larger region [90]:

35 ! (53)

Ffree 5 mb sm 5 mj, om

or 3 ,2A0m <2A)3/2 _ 3mgbm <2A)3/2

wherep?A = %t in the HO model. Parametrically, this is suppressed witheestol/m because of
the factor(22 )3/ 2

In another example relying on a model of two-body decay, r1$86] tries to take into account
also the larger effect due to t%ﬁ—m terms present ipartial rates Such terms, which corresponds to
b
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1/mg, are presernseparatelyin the various exclusive channels. For instance one haséoratio of the
ground state to the free quark decay rates:
R(ground state) 3 mgdm

s =1+ + .., (54)
! 2 mg

but they cancel in the total decay rate. Then, if the kinetaatituation is such that only the ground
3
state is produced, the total ratia, would depart froml by 274™ However, this effect is fot above

m

b
the D** threshold(Mp — Mp-+)?, i.e. in a limited region of phase space. Hence, taking ttie cthis
effect to the total rate, one gets:

-(6m)? o
or N 3 mgdm j(((smsz dt|q| N 3mgom (2A)3/2 (55)
Ffree 2 mg f()(5m)2 dt|q_’| 2 mg om ’

which is once more parametrically smaller by the fa¢§én%)3/2.

In conclusion, both effects are n6t(1/m¢) but much smaller. Thus the model dependent in-
vestigations of possible duality violations do not hint ay a&ffect beyond the OPE of full QCD. In
particular, taking into account the sum rules valid in fulCD allows us to show explicitly the absence
of contributions at ordet /m, which would be a gross violation of OPE or, likewise, of diyal

2.3.5. Conclusion

All we currently know from purely theoretical consideratindicates that duality violations should be
safely below one percent in the s.l. branching ratio. Thigkély to remain in the noise of theoretical
uncertainties due to higher order perturbative and notuggative (O(1/m3) and higher) corrections.
Hence we will not assign additional uncertainty to the ettea of |V, from possible duality violation

in inclusive decays. As discussed above, this picture wiltdsted through an intense program of high
precision measurements in the near future, and most ndighilye study of different moments of the s.I.
distributions — even separately in the decays gf B~ and B, mesons.

2.4. Review and future prospects for the inclusive determiation of |Vp|

The value of the CKM matrix element,;,| can be obtained by comparing the measured value of the
b-quark s.l. decay partial width with its prediction in thentext of the OPE. Experimentally, this partial
width is obtained by measuring the inclusive s.l. decay odtB-hadrons and their lifetime(s). Present
measurements are rather accurate and experimental untiestdead to a relative error of aboutslon
|Vep|. The main limitation for a precise determination|df,| comes from theory, as the expression for
the s.l. decay width depends on several poorly known paemdiat are introduced by perturbative and
non-perturbative QCD effects. Only recently, as discuseeflec. 2.2., some of the non-perturbative
parameters describing corrections of ord¥(l /m;), O(1/m?), andO(1/m}) have been constrained
experimentally. As a result, not only has the accuracyl@s| improved, but also a large fraction of the
previous systematic uncertainty has changed nature.

In the following, we briefly summarize the main ingredientshe evaluation ofV,;| from inclu-
siveb s.l. decay measurements. As discussed in Sec. 2.3., aleogsilation of parton-hadron duality
can be legitimately neglected at the present level of acguemd we will not include it in our estimate
of the error associated witfi;|.

2.4.1. Perturbative QCD corrections

Using the pole mass definition for quark masses, the firstragdeD perturbative corrections to the
s.l. b-decay width have been given in [67,92] and dominant secoder dBLM) corrections have been
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obtained in [91]; the subdominant two-loop correctionsenbegen estimated in [94]. The s.I. width can
be written as

F(b — Cgﬁg) =

252 . )
= f!)‘;:f?[ A&UF(Z) {1 B aS(ﬂ : gf(z) B % [BOXBLM(Z) + Xo(z)} } (56)

In this expression:

e the phase space factbl(z) = 1 — 8z + 823 — 2* — 1222 In 2, with = = m?/mZ, accounts for the
mass of the final quark, and both. andm,;, are pole masses;
e By=11- %nf, wheren ¢ is the number of active flavours;
® Acw ~1+2%1In %f and corresponds to the electroweak correction, cfr. E.)(th8low;
e f(z) = h(z)/F(x) with
25 239 25 4 17
_ 2 a9 add a9.2 _ .2 - .3
h(z) = —(1 a:)(4 3x+4x>+a¢1na:(20+90:c 350—!—31:)
+221In? 2(36 + 22) + (1 — 2?) <%7 - 6—34x + %7502) In(l-—x)
—4(1 4302 + 2" Inzln (1 —z) — (1 + 1622 + ) [6Liz(z) — m°]

—322%/2(1 + 2) {7# — 4Lis(V'z) + 4Liz(—vz) — 2Inzln 1 J_r g] (57)

Numerical values foif () can be found in [93] and are reported in Table 3.15.

5
o

01;02|03|04|05| 06| 07| 08] 0.9 1
)| 3.62|3.25|284|250|2.23|201|183|1.70|1.59| 1.53| 1.50

my
m

kﬁ
—~
c—3w|n [N

Table 3.15:Values off (z) for several values afi./m;.

e BM corresponding to the BLM corrections, is equal to 1.68fQrm;, = 0.3;
e X0, corresponding to the non-BLM corrections, is equattb4 + 0.4 for m./my = 0.3.

The convergence of the perturbative series in Eq. (56) apgeablematic. It has been demon-
strated that this expansion can be much better controlleithirva few % — using a properly normalized
short-distance mass [95,20]. This is the case, for instaotc¢he kinetic running massdefined in
Eg. (17). Replacing in Eq. (56) the pole quark masses by ikimehning masses through Eq. (17) and
expanding i, one obtains:

G%‘mb(#)5|%b|2v46w

P(b — C@Pg) = 102753

2
PG |1+ 010 2 4 ) (2220 ) ] 58)

wherez(u) = m?2(u)/m2(u). A typical value foru is 1 GeV. The explicit expressions fag o(p) can
be found in [98,97].

2.4.2. Non-perturbative QCD corrections

Non-perturbative corrections in the OPE start at seconerandl /m [2]. Including those oD (1/m?)
[1,2] andO(1/m3) [63], and changing the scale at whiehis evaluated to an arbitrary valgeEq. (58)

*Other definitions for quark masses can be adopted, which deuffer from problems attached to the pole mass definition,
see Sec. 2.1.
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becomes:

G%«“mb(ﬂ)5|vcb|2-’46w
19273

T — clvy) =

™

10100282 ) (242

o (- 25

—C(» 1 2 Pls 5 rh
OGN gz (v~ o) + B G ) 69

whereb; (1) = a1 (u) andbs(p, q) = ag(u)+a1(u)ﬁ2—° In ;L-, and where we have introduced the functions
(z = (me/myp)?)

G(z) =3 — 82+ 2422 — 2423 + 52* + 1222 In 2,

H(z) =177 — 88z + 2422 — 823 + 52 +12(4 +32%) In 2.
A very recent analysis [97] contains a comprehensive dssonsof all the aspects of the,; calculation
and several improvements. In particular, it includes BLNirections to all orders in the scheme with
running kinetic masses and non-perturbative parametéeseifect of the resummed BLM corrections is
small, 0.1% of the s.I. width, if compared to the perturbtaterrections calculated in Eq. (59)@at my.
Ref. [97] also discusses the role played by four-quark dpesaontaining a pair of charm quark fields

in the higher orders of the OPE. These operators give in ipt;n©(1/m3) contributions that are not
necessarily negligible and require further study.

In the quark pole mass approach, quark masses are usualypressed in terms of heavy hadron
masses, using the HQET relation of Eq. (37): the correspgndkpression for the s.l. width can be
found in [58] and is quoted below for completeness:

_ G%MZWCHQ Qs a? A Qs
D(b— cfmy) = —EB 20,3680 |1 - 1547 — 143673 - 1648 (1 _ 0.877)

-2 —3 —
A A A A A

—0.946—5 — 3.185-— + 0.02—-5- — 0.298—5 — 3.28—=1
i, M, M, M, M,
Y T, T

+10.47=22 — 61534 74822 74 14912
i, M, M, M, M,
T; T 1

10412 — 74822 1O = (60)
M, M, My,

In this equation 5 = Me3Me: — 5313 GeV and the corresponding value for charmed mesons

is taken to be equal t.975 GeV. The relations between the parameters used in the twaaftams
have been recalled in Eq. (39). The valueugf is strongly constrained by the mass splitting between
B* and B mesons, for instance one finds(1 GeV) = 0.357003 GeV? [72]. For the other non-
perturbative parameters one has to rely on theoreticahatds. Alternately, they can be constrained
by measuring other observables: as explained in Sec. Be2mbments of differential distributions in
b-hadron s.l. decays and the moments of the photon energipdisin inb — sy decays depend on the
same parameters that enter thg,| determination. Measurements of these quantities canftiierbe
used to determine the OPE parameters and to verify the beeraistency of the formalism.

2.4.3. |V,;| determination

The value for|V,;| is obtained by comparing the theoretical and experimerggdrdhinations of the
inclusive s.l. decay partial width:

Fsl|th = BRsl|emp X 7—b|ezpp (61)

In PDG2000 [99], the uncertainty attached ¥,| was ofO(5%) and was dominated by the theoretical
uncertainty related to the heavy quark parameters. Usmg@uialysis of the first hadronic moment and
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the first moment of the photon energy distributionbin- sy decays mentioned in Sec. 2.2., together
with Eq. (60), CLEO has obtained [58]:

|Vip| = 40.4 x (1% 0.022]egp % 0.012 = 0.020]y,) x 1072 (62)

The first uncertainty corresponds to the experimental nreasents of the s.l. branching fraction, of
the B) and B" fractions as obtained by CLEO, and of tBd and B" lifetimes given in PDG2000.
The second uncertainty corresponds to the errord and \; in the analysis of the moments. The last
uncertainty corresponds to the remaining theoreticalr@oming from contributions o (1/m3) and
higher order perturbative corrections, estimated fromutheertainty on the scale at whiely has to be
evaluated . It appears that the corresponding variatiomgf= 0.22 4 0.05 gives the largest contribution
(+£0.017). Remaining contributions to the theory error have beemiobt by varying the values of
parameters contributing &(1/m3) within £(0.5)% GeV?, a rather arbitrary range, based only on naive
dimensional analysis.

CLEO'’s result on|V,,| was improved, at the Workshop, mainly by using all experitaemea-
surements om-hadron s.l. branching fraction and lifetime [101]. Recerperimental results, made
available at the ICHEP 2002 Conference in Amsterdam, arairedd by the LEP experiments [102], by
BaBar [103] and by BELLE [104] have been combined [105],uddahg previous measurements of these
quantities given in [106]:

Talras)(b — Xl ) = 0431 x (1£0.019 £0.016) x 1070 MeV
Talrep(b— Xel77) = 0.438 x (14 0.024 +0.015) x 1070 MeV
Psl’Average(b - Xcg_fg) = 0.434 x (1 + 0018) % 10—10 MeV (63)

In these expressions the second contribution to the erooresponds to uncertainties in the decay mod-
elling and in the subtraction of the— uf~7, component. Using the above result, the corresponding
uncertainty in Eq. (62) can be reduced by about a factor tweepihg the same values for the two
remaining uncertainties and correcting for the slightlyedent central values dBR; and,, one finds

|Vip| = 40.7 x (1% 0.010]egp % 0.012]7 = 0.020[,) x 1072 (64)

This approach was adopted to obtain the valu&/gf| quoted in the corresponding mini-review [107]
of PDG2002 [106]. However, the result quoted in the main CKM section of the RD@, |V,,| =
(41.2 £ 2.0) x 1073, does not take into account this progress, and still assigasge uncertainty of
2.0 x 10~3, which is meant to account for possible parton-hadron tueiblation.

As summarized in Sec. 2.2., progress has been achieved fieonha Workshop both on the-
oretical and experimental aspects of tfig,| determination. On the theoretical side, the moments of
the s.lI. distributions have been studied using schemestiuid the problems related to the pole mass
[64,65,71]. The inclusion of higher order moments has beeonsidered in [71,65] and, as we have seen,
some of the corresponding measurements have been usedénathalyses. On the experimental side,
new measurements of moments have been presented by BaBaEI[BD [75,77], and DELPHI [59].

The analysis of [65] employs first, second, and truncated emtsito fit the values of th&, \; pa-
rameters and obtain constraints @1 /m; ) contributions. Four different definitions of the heavy duar
masses have also been considered. A consistent picturadosive b-hadron s.l. decays is obtained
when theoretical uncertainties are taken into accountasly if the BaBar preliminary data [78] are
excluded. Using the average given in Eq. (63), the resulSf for |V, in the 1S scheme is

V| = (41.2 £ 0.9) x 1073, (65)

fIn that analysis the range is taken to[b&, /2, 2m,).
In PDG2002, the value given in the corresponding mini-nevier |V,,| = (40.4 4 0.5 & 0.5 & 0.8) x 107 is slightly

different as it depends on the values of experimental reswtilable at that time.
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In the analysis of Ref. [71], which is based on DELPHI data emtlides third order moments,
the low-scale running mass approach is used to extraend the two parameters contributing at order
O(1/m3). Neither the moments n¢v.,| are actually sensitive o} ;. The other parameter appearing at
this order,o3, = (0.0540.05) GeV?3, is found to be in good agreement with some theoretical éafien
(about 0.1 GeV[72]). In the low-scale running mass scheme the uncertagifed to the scale at which
a; IS computed has also been reduced with respect to the pokeanalysis. Employing the average s.l.
width given in Eq. (63), the result of Ref. [71] is

[Vep) = 41.7 x (1 £ 0.010] g = 0.015) +0.010|pert 0cp £ 0.010[4) x 1073, (66)

My M, B2, 1,05 05 o

The last two uncertainties in this equation are theoretical correspond to the scale ambiguity for
as and to possible contributions fro®(1/m;) terms for which an upper limit corresponding to the
contribution of the previous order term has been used. Theeabstimate of the overall theoretical error
agrees well with that of [97].

All the results presented in this Section are preliminaryeylindicate a promising future for the
approach where all non-perturbative parameters, up ta @de/m;), are experimentally constrained.
Only the preliminary BaBar analysis [78] does not seem tdétgicture: it seems difficult to reconcile
the dependence of BaBar first hadronic moment on the leptanentum cut with the other measure-
ments in the context of the OPE. Although a high lepton moomentut could in principle spoil the
convergence of the power expansion, this point definitegdsdo be fully understood.

2.4.4. Prospects

Impressive improvements have been obtained in the detatimmof |V,;| from inclusiveb-hadron s.I.
decay measurements during and just after this Workshop.nidments in inclusive s.l. and radiative
decays have been studied in new theoretical frameworkdinfitary analyses of recent experimental
measurements of such moments indicate that all paramegetsbeting toO(1/m3) included can be
constrained by experiment. The results gy, | in Egs. (65) and (66) are very similar. We can adopt a
central value given by their average wit.8% accuracy:

| [Vep| = 41.4 - (1 £ 0.018]cqp & 0.014]) x 1077 . | (67)

in which the largest fraction of the uncertainty dependsxpeemental measurements. These analyses
have to be confirmed, as most of them correspond to prelimiresults, and the possible discrepancy
raised by BaBar data has to be investigated, especially nesthect to the impact of the lepton energy
cut, by lowering the cut as much as possible. If the presattii@ remains valid, more effort has to be
invested in the control of remaining theoretical errorsnely i) the uncertainty related to the truncation
of the perturbative QCD expansion aiigl the importance of four-quark operators containing therhar
quark and of0(1/mj'), n > 4 corrections.

2.5. Review and future prospects for the inclusive determiation of |V;|

The charmless s.I. decay chanhel w/ can in principle provide a clean determination|f,| along

the lines of that ofV,,|. The main problem is the large background frem- ¢/ decay, which has

a rate about 60 times higher than that for the charmlessexayd The experimental cuts necessary to
distinguish thed — u from theb — ¢ transitions enhance the sensitivity to the non-pertuwbadspects

of the decay, like the Fermi motion of tlhequark inside the B meson, and complicate the theoretical
interpretation of the measurement.

The inclusive decay raté — X, /v is calculated using the OPE. At leading order, the decayigsate
given by the parton model decay rate. As we have seen, nonrpative corrections are suppressed by at
least two powers of /m;, and toO(1/m?) they are parameterized by the two universal matrix elements

71



0.8
0.8

i
i 06 i 1 dr
1 dr’ 1 dT i Tdg?

TdE; o4 Tdni ,, P (Gev) "
(GeV') i (GeV?) ‘\,\
02 i 02 % \ 0.02
1] G N
! f

05 1 15 2 25 1 2 3 4 5 6 5

d) E(GeV) b) m{(dvl) C)

Fig. 3.5: The distribution of the three main discriminating variabie inclusiveB — X, /v analyses: lepton energy, (left),
hadronic invariant mas$/% (center) and di-lepton invariant magg (right), as given byO () parton level decay (dashed
curves), and including the Fermi motion model (solid cuyweish typical parameters. The vertical line marks the cutessary

to eliminate thé — ¢ transitions in each case.

p2 andpZ (or A and\s), see Sec. 1.1. AD(1/m3), the Darwin ternp?, reduces(B — IvX,,) by
1 - 2 %. Perturbative corrections are known through orgef108]. All this allows to relate the total
inclusive decay rate directly td,,| [109]

BR(B — zyXu))% (1.55 ps)% (©8)

wb| = 0.004 1+0.03|,,, +=0.025
[Vis| = 0.0040 x (1 % 0.03]m, + 0.0 \QCD)( Al

B

where in the second error both perturbative and non-pextireb uncertainties are included. The un-
certainty due to thé mass assumesn; ~ 60 MeV and can easily be rescaled to accommodate the
error in Eg. (26). The errors reported in Eq. (68) are venylainto those given in [25]. In fact, despite
the use of slightly different inputs, and of different forisms, the results of Refs. [109] and [25] are
remarkably consistent, their central values differing biyd..7%. Information from the moments of the
s.l. distributions is unlikely to decrease significantlg wverall uncertainty in Eq. (68).

The large background frold — X ./ makes the direct measurement of the inclusive rate a very
challenging task. In principle, there are several methodsuppress this background and all of them
restrict the phase space region where the decay rate is redaddence, great care must be taken to
ensure that the OPE is valid in the relevant phase spacenegio

There are three main kinematical cuts which separate the ufv signal from theb — /v
background:

1. Acut on the lepton energlf, > (M3 — M3)/2Mp [110]
2. A cut on the hadronic invariant massy < Mp [111]
3. Acut on the leptonic invariant mags$ > M3 — M3 [112]

These cuts correspond to about 10%, 80% and 20% respectizéie signal selected. The simplest
kinematical discriminator fob — w« versusb — c is the endpoint in the€ inclusive spectrum, where
the first evidence fotV,;| # 0 was seen [110]. However, in this case the remaining phasee dpa
characterized bAE, = M3 /2Mp = 320 MeV ~ Agcp. Because of this cut on the lepton energy, the
selected hadronic system has large energy and small invaniass, and is placed in a kinematic region
where the OPE is not expected to converge. Measurementsudamg this method have given [110]
[Vaunl/|Ves| = (0.08 £ 0.02), where the 25% error is dominated by the theoretical unicgyta

In the original analyses [110] several models [113,114]enesed to estimate the rate at the end-
point. In fact, the exact fraction of signal decays seleatedends strongly on shape functionas
illustrated in Fig. 3.5, where the spectrum in the parton ehasl compared to the one including the
structure function. Physically, thehape or structure functiofgometimes also called light-cone dis-
tribution function) encodes the Fermi motion of theuark inside the B meson, which is inherently

72



non-perturbative. To estimate the effect of the structuretion on the rate measured in the endpoint
region, several models for the shape function have beertrootedd. They are constrained by the val-
ues of the first few moments of the shape function, which dege® to physical quantities like:, and
p2 ~ —\; [115-117]. The model dependence of the measurement cardbeea by noting that the
shape function, like the Fermi motion inside the meson, isi@ausal property of the B meson, indepen-
dent of the decay process. Consequently, the shape furcetiom principle be extracted from a different
heavy — light process and then employed in the includdre~ X, /v decay [116-118]. The best way
is to use thé3 — X, decay. At leading order ih/m; andas, the photon spectrum in the radiative
decay is proportional to the light cone distribution fupati This strategy for determinindy’, ;| has three
main drawbacks:

e Theb quark distribution function is the samelh— (v X,, andB — vX, only at leading order in

1/m;, and inas; perturbative QCD corrections complicate its extractibhd,120];

e There are process specific corrections of orden;, which still need to be evaluated reliably. In
Ref. [121] it is argued that these corrections could be giteable. Even after a precise measure-
ment of the photon spectrum there are unknown and not-eddigucontributions~ O(1/m;) in
B — v X, which could spoil the accurate extraction|®f,|. It has also been pointed out [122]
that there are contributions of dimension six operatorppeessed by /m3, but enhanced by a
phase space factor #672. They arise from so calledeak annihilation(WA) contributions, and
their total contribution survives any cut used to rejectithe cfv background. The size of WA
contributions is hard to estimate, as very little is knownutihe values of the relevant four-quark
operator matrix elements. They could in principle be cased by a comparison of’Band Bt
decay rates. While their impact on the integrated width islesb (< 2%), in the endpoint region
WA terms could give effects of up to 20% [123]. This conclusibowever, is challenged in [124],
according to which the uncertainty induced by subleadirapshfunctions is safely below 10%,
for lepton energy cut&, < 2.2 GeV. See also [118].

¢ Finally, the endpoint region represents such a narrow efitee phase space that may be vulner-
able to violations ofocal parton-hadron duality.

The first analysis combinin® — (v X, andB — ~X, was performed by CLEO [125]. To
account for the distortion of the endpoint spectrum due ¢ontiotion of the B mesons, the initial state
radiation and the experimental resolution, CLEO fit for theerved data using a theoretical momentum
spectrum to model these distortions. They find

[Vup| = (4.12 £ 0.34 +0.44 £ 0.23 £ 0.24) x 1073

in the lepton momentum range 2.2-2.6 GeVHere the first error combines statistical and experimental
uncertainty on the measured rate, the second error is thetainty on the fraction of leptons within the
acceptance, derived from the uncertainty in&he> sy shape function, the third error is the theoretical
uncertainty on the extraction ¢¥,;| from the total rate, the fourth error is an estimate of theeutainty
that results from the unknown power corrections in applyhep — s+ shape function té — ufv. To
evaluate this last uncertainty, the parameters of the dhiagtion are varied by the expected order of the
corrections:Agcp/Mp ~ 10%. Clearly, this sets only thecaleof that uncertainty.

In principle, the hadronic recoil mass provides the singteshefficient kinematical discriminator
against theh — cfv background. Thé — cfv background is separated from the signal imposing
Mx < Mp. After this cut, more than 80% of the signal survives. Howgedee to the experimental
resolution, theh — cfv transitions contaminate thielx < Mp region, and therefore either the cut is
lowered, or a different strategy has to be employed. Whermrtih®n the hadronic recoil mass is used,
the main theoretical issue arises from the knowledge ofrémion ofb — wlv events withM x below
a given cut-off massi y:

Bgr (M ):;/MCMC[M _ar
St = DB S wXy,) Jo XMy
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where®(0) = 0 and®(Mp) = 1. The Mx spectrum is in fact sensitive to the values of the HQE
parametersn;, 12, etc. It also depends on the heavy quark shape functiomuajththe dependence is
weaker than for the lepton energy in the endpoint region. etdie scale of the problem: a very rough
estimate forbgz, (1.7 GeV) lies between 0.55 and 0.9; i.e. a measuremeni §f(1.7 GeV) yields a
value for|V,;| with at mosta +12% uncertainty, and possibly less. The actual uncertaintyeatistic
experimental analyses has been estimated by the expeaiaeiitborations. Since a cut on the hadronic
invariant mass allows for a much larger portion of the deed® to survive, the uncertainties from weak
annihilation contributions are safely below the 5% leveheTubleading shape functions contributions
can in this case be analysed using the same method as in @Aitgliminary discussion can be found
in [118].

The above observations motivated an intense effort to me&gly,| using inclusive analyses at
LEP, where B hadrons are produced with a large and variableentum and in most of the cases the
B decay products are contained into narrow jetsZth — bb events. These characteristics make the
LEP measurements complementary to the ones & ti&). All four LEP experiments have provided a
measurement d¥/,;| using inclusive methods, although the actual proceduféer dignificantly.

DELPHI [126] perform an inclusive reconstruction of the l@dc mass of the system emitted
together with the lepton in the B hadron decay. The B s.|. sanspsplit intob — w/v enriched and
depleted samples based on the separation between teridigseaondary vertices (taking advantage of
the finite charm lifetime) and on the presence of tagged kaifie final state. The mass of the hadronic
systemM x is used to subdivide further the sample intb & X, /v—favoured region{/x < 1.6 GeV)
and ab — X /v—dominated region. The signal is extracted from a simutiaadit to the number of
decays classified according to the four different categaaigd the distributions of the lepton energy in
the reconstructed B rest frame.

The leptonic invariant masg? = (p; + p,)?, can also suppress tthe— ¢ background [112].
This cut allows to measur@,,;,| without requiring knowledge of the structure function oé tB meson
(see Fig. 3.5c). The acceptance of this cudoan be calculated using the usual local OPE. Depending
on the value of the cut, the fraction of selected signal esseah range between 10 and 20%, but the
theoretical uncertainty of;|, dominated by higher order power corrections, can ranga ft6% for
@2 = M% — M2 = 11.6 GeV? to 25% forg?,, = 14 GeV? (see also [127]). The? method allows to
measurgV,,;|, albeit with larger uncertainties than when one combinedehton energy or the hadron
invariant mass cut with data frol — X~ decay.

Recently, a strategy relying on the combinatiorydand A/ x cuts has been proposed [128]. The
My cut is used to reject the charm background, while¢heut is used to eliminate the high energy,
low invariant mass region. Rejecting the region at smpalleduces the impact of the shape function in
the M x analysis. Strong interaction effects dfiy are maximal there due to the significant recoil [128].
Imposing, for instance;? > 0.35m? eliminates the impact of the primordial Fermi motion enabie
Mx < 1.7 GeV events. Up to 50% of aB — X, /v events survive this cut, making possible to measure
|Vp| with uncertainties safely below the 10% level.

CLEO has presented the first experimental attempt to impiethes method [129]. The analysis
is based on a full fit tg?/(E, + E,)?, Mx andcos 6y, Models are needed to extract the sample com-
position and to relate the regions of higher sensitivity Hrabretically safer to the inclusive charmless
s.l. branching fraction. However, imposing these addéiauts has drawbacks. The overall energy scale
governing the intrinsic hardness of the reaction gets smalhce it is driven at large® by m;, — /¢2
rather thanm,. This enhances the impact of higher-order contributionkvhre not calculated, like in
the case of the direct cut @f. Furthermore, cutting simultaneously dfiy andg? decreases the frac-
tion of the full width retained in the sample, and exposesctieulation to violations of duality. Finally,
the cut ong? removes the possibility to incorporate in full the consttsion the spectrum which follow
from the properties of the shape function, because it dissdhe connection between thé&y spectrum
and the shape function.
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Fig. 3.6: Summary of the inclusive determinationgdfs| .

Yet another approach has been followed by the ALEPH and ORAlalmorations in their analy-
ses [130]. They use neural networks, which input a large murabkinematic variables (20 in ALEPH,
7 in OPAL) to discriminate between thle— cfv and theb — uwfv decays. In both experiments, the
signal is extracted from a fit to the network output, restdcto a region enriched in signal events. The
observation of s.lb — wfv decays at LEP has been very challenging. These analysesepgmhnew
approaches for extractind,,;| . Their main drawback is the S/B ratio, that requires the robrf the
background level to better than 5% . Concerns, discussdidrnvifie community, include the modelling
of the uncertainties on the ndd-andD* components of the background from B decays, the modelling
of the B andb-baryon s.l. decays and the estimation of the: «/v modelling uncertainties due to the
uneven sampling of the decay phase space.

Since tight selections are needed to extract the signagffbets of these experimental cuts trim-
ming the inclusive distributions must be understood. Irtipalar, it is important to make sure the the
inclusive analyses are probing the selected phase spagevwea and uniform way. Neural network anal-
yses bias the phase space toward the region of |&ygend low M x, where the signal-to-background
ratio is larger. The uncertainty quoted by ALEPH accounigtie range of models tested. In this case, it
would be desirable to test more unbiased methods. DELPHh@®pther hand, has shown that thie,
analysis has a reasonably uniform sensitivity in Mg - £, plane and a recent CLEO analysis, repeated
for different sets of\/x-¢> selections, finds results compatible with LEP.

Finally, L3 applies a sequential cut analysis using therkiatcs of the lepton and of the leading
hadron in the same jet for discrimination of the signal esgtB81]. The uncertainty (see Fig. 3.6) is
larger than in other analyses, mainly because the resutindispon a few exclusive final states only.

All the analyses discussed in this Section have an individoeuracy of about 15% and, as can
be seen in Fig. 3.6, their central values agree within thaedainty. One can distinguish two sets
of inclusive determinations adfV/,;,| which rely on roughly the same theoretical assumptions aed a
extracted within the same OPE framework. The LEP incluskgelts have been averaged accounting for
correlated systematics. The uncertainty of the CLEO detextion from the lepton end-point and the
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b — sy spectrum can be re-expressed in a way corresponding togskdtfar the LEP averaging. The
results read

Vil = L0008 YRR T 020 x 107,

Vo 260 = [4.08 £ 0.44 £ 0.27 £ 0.33 £0.21] x 1073, (69)

where the first error corresponds to statistical and expmiat systematics, the second to the dominant
b — ¢ background, the third th — « modelling, and the last one to the relation betw&ép| and the
branching fraction, see Eq. (68). A first exercise aimed aewstanding the relationship between the
different sources of systematics in these determinatiodg@obtain a global average was started at the
workshop. A conservative approach consists in taking tistegyatic uncertainties as fully correlated.
This combined result has a total uncertaintytd4% and is used in Chapter 5 (see Table 5.1). However,
the uncertainties are only partly correlated and more peatieasurements are becoming available: once
the systematics and their correlation are better undetstoere is room for considerable improvement.

As the B factories start focusing on the inclusive measurgsnef |V,,;|, there is potential for
considerable progress. A more precise evaluation obthe sy photon spectrum will lead to a more
precise effective shape function and we now have severdiadstto employ it efficiently in the extrac-
tion of |V,5|. A recent proposal [132], for instance, uses the s.l. difigal distribution inMx /Ex
together with thés — s~ photon spectrum to build a short distance ratio from whicla|/|V.,| can be
extracted, testing at the same time some of the underlyisgngstions. The use of event samples with
one fully reconstructed B will reduce the contaminatiomirb — ¢/ decays in the reconstruction of
the hadronic recoil mass and @t and will allow for useful cross-checks [133]. Hence, expemtal
uncertainties should be reduced. If the various methodsgivié consistent central values while their
precision improves, we will be confident that theoreticatentainties are not biasind’,;| beyond the
level of precision which has been reached in the individuahsurements.

3. Exclusive determination of| V|

As we have seen in the previous section, inclugive: ¢ semileptonic (s.l.) decay rates have a solid
description via the OPE. Exclusive s.l. decays have a sitpimlid description in terms of heavy-quark
effective theory (HQET). The main difference is that the +pemturbative unknowns in the inclusive
rates can be determined from experimental measuremeniig, tlvbse arising in exclusive rates must
be calculated. Thus, there is a major theoretical challdrege as non-perturbative QCD calculations
have to performed. Experimentally, the D andl iIdesons have to be reconstructed using several decay
channels, to gain in statistics, and the signal has to bateblfrom higher excited states. Moreover,
the theory is under best control at the kinematic endpoihere the rate vanishes. Consequently, not
only must the differential decay rate be measured, it alsstiinel extrapolated to the endpoint. Despite
these experimental difficulties, and given the ongoing msg) in lattice QCD, these channels provide a
valuable cross-check at present and hold considerableigedor the future.

The exclusive determination ¢¥,;| is obtained by studyin@3 — D*/»v andB — D/v decays,
where/ stands for eithee or . The differential rates for these decays are given by

dr'(B — D*lv G| Ve |?
( dw ) - g Mew (M = Mp+)® M. (w? = 1)!/2(w +1)?
qw 1 —2wre + rf
ol LR s |F(w)]?, (70)
dI'(B — Dy GV ?
( dw ) - fgiw (M + Mp)® M (w? = 1)*2(G(w) ], (71)
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wherew = vp - v+ IS the product of the velocities of the initial and final mesoandr, = Mp-/Mp.
The velocity transfer is related to the momentytransferred to the leptons gy = M3 —2wMpM )+
M2, and it lies in the rangé < w < (M3 + M3} .,)/2MpM .. Electroweak radiative corrections
introduce the muon decay consta#, = 1.1664 x 107° GeV 2 (instead ofG ) and the factom%W

(see Sec. 3.4.).

In the heavy-quark limit, the form factotd(w) andG(w) coincide with the Isgur-Wise function
¢(w), which describes the long-distance physics associatédtétlight degrees of freedom in the heavy
mesons [8,9]. This function is normalized to unity at zerooik corresponding tav = 1. There are
corrections to heavy-quark limit from short distances,chiigan be calculated in perturbation theory in
as(y/memy). There are also corrections from long distances, which appressed by powers of the
heavy quark masses. The separation of the two sets of agindris can be achieved with HQET, which
is reviewed, for example, in [12,13]. The calculation of #meall corrections to this limit is explained
below in Secs. 3.2. and 3.3. With a satisfactory calculatibtihese corrections}/;| can be determined
accurately by extrapolating the differential decay ratesvt= 1, yielding |V|F(1) and |V |G(1).
Uncertainties associated with this extrapolation can daged using model-independent constraints on
the shape of the form factors, derived with dispersive nmithdhese techniques are briefly reviewed in
Sec. 3.1.

At presentB — D*/v transitions yield a more precise value|bf;,| thanB — D/v. The statistics
are three times higher. More importantly, phase space eappsB — D*/v by only (w — 1)'/2,
butB — D/v by (w — 1)%2. Finally, the theoretical calculation ¢f(1) is under better control than
that of G(1). NeverthelessB — D/v provides a useful check. For examp|&,;| drops out of the
(experimental) ratioV | F(1)/|V.s|G(1), which can be used to test the theoretical calculations.

3.1. Theory-guided extrapolation inw

Dispersive methods allow the derivation of rigorous, maddependent constraints on the form factors
in exclusive s.l. or radiative decays. The derivation iselaen first principles: the analyticity properties
of two-point functions of local current operators and theifiaty of the corresponding hadronic spectral
functions. Analyticity relates integrals of these spddtractions to the behaviour of the two-point func-
tions in the deep Euclidean region, where they can be caédrlilasing the operator product expansion.
Positivity guarantees that the contributions of the stat@sterest to these spectral functions are bounded
from above. Constraints on the relevant form factors are tlegived, given the latter’s analyticity prop-
erties. The beauty of these techniques is that the boundbe@mproved with information about the
form factors, such as their value or derivatives at diffekémematic points, or their phase along various
cuts. These techniques also have the advantage that thieadatssthey yield are optimal for any given
input.

Here we focus on the application of these method3 te D™) /v decays. The first such applica-
tion was carried out in [136], where three-parameter desoris of the corresponding differential decay
rates were presented. In [137], it was shown how a judicitnasmge of variables can be used to reduce
the number of parameters. The most recent analyses [138akedtwo-loop and non-perturbative cor-
rections to the relevant two-point correlators into aceéamd make use of heavy-quark spin symmetry
in the ground-state doublet8, B*) and(D, D*) . Ref. [139] uses spin symmetry more extensively, and
accounts for the dominarit/m¢ and radiative corrections. The results are one-paramesarigtions
of the form factorsG(w) and A; (w) = F(w)/K(w), with K(w) defined below in Eq. (73), that are
accurate to better than 2% over the full kinematic range.

In the case oB — D*/v transitions, it is convenient to constrain the form factafw) instead of
F(w) in order to avoid large, kinematically enhanced correctitmthe heavy-quark limit. This yields
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for F(w) [139]:

]—“((110)) ~ K(w) {1 82,2 + (3303, — 15.)2% — (231.p%, — 91.)2°} | (72)

with z given in Eqg. (76) and where the only parameter, the slopenpxz'stlﬁaf,o?41 of A;(w) at zero recoil,
is constrained by the dispersive bounds to lie in the inten@14 < pih < 1.54. This constraint on
pil is somewhat weaker than the one derived from the inclusiggyrguark sum rules of Bjorken [143]
and Voloshin [144] which requiré.4 < pﬁh < 1.3 onceO(a;) corrections have been included [145].

A stronger lower bound has been derived by Uraltsev [146]is Thto be compared with the world
experimental averag@?41 = 1.50 + 0.13 given in Sec. 3.6.1.

In Eq. (72), the functiorkC(w) is

1—2w7“*+7“f w—1 9 w—1
1 R 1

A-r)? | "wil 1(w)}+[+1

4w 1—2wr*+rf

w+1  (1—ry)?

2

(1= matw)|

*

K(w)? = , (73)

1+

wherer, is given after Eq. (71), an®&; (w) and Rs(w) describe corrections to the heavy-quark limit.
They are usually expanded in Taylor series aroune: 1. Using QCD sum rules [140,141,142] one
finds [139]

Ry (w) 1.27 — 0.12(w — 1) + 0.05(w — 1)?,
Ro(w) =~ 0.80 +0.11(w — 1) — 0.06(w — 1). (74)

Q

The sum-rule calculation is supported by measurementstezbby the CLEO Collaboration [188],
Ri(1) =1.184+0.30 £ 0.12 andRy(1) = 0.71 £ 0.22 £ 0.07. These values are obtained assuming that
Ry (w) andRz(w) are constant i and thatd; (w) is linear inw. CLEO also find thaf?; (1) and Rx(1)

are not sensitive either to the form dfi (w) or thew dependence of the form factors, consistent with
the mildw dependence in Eq. (74). Note that the extractiond/gf by CLEO and BELLE discussed in
Sec. 3.6.1. use CLEO’s measurements:pf1) and R (1).

ForB — D/{v decays, the parametrization of [139] is

gg((lf)) 1 — 8pRz + (51.p% — 10.)2% — (252,03 — 84.)23 (75)
with
Vw+1-+v2
A ————— ey (76)
Vw+T1++2

and where the only parameter, the slope param@mt zero recoil is constrained by the dispersive
bounds to lie in the interval-0.17 < pé < 1.51 which can be compared with the world experimental
averagep? = 1.19 & 0.19 given in Sec. 3.6.2.

It is interesting to note that heavy quark symmetry breakimghe difference of the slope and
curvature parameters of the form factdféw) andG(w), together with measurements of the ratios
andR» may strongly constrain the calculations which deterngtifé) andG(1) [189]. More importantly,

a better knowledge of the slope parameters will reduce tloe en|V,,|, because of the large correlation
between the two parameters [189] (see Fig. 3.8).
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3.2. Theoretical calculations of the form factorF (1) for B — D*¢v decays

The zero-recoil form factaF (1) must be calculated non-perturbatively in QCD. At zero rie@oi= 1),
all B — D*/v form factors buth 4, are suppressed by phase space, and

F(1) = ha, (1) = (D" (v)|A*[B(v)), (77)

where A is theb — ¢ axial vector current. Thus, the theoretical informatiomaded is contained in
one relatively simple hadronic matrix element, which heguark symmetry [7,8,9] requires to be close
to unity. Heavy-quarkspin symmetry would imply(D*(v)|4#|B(v)) = (D(v)|V#|B(v)), whereV#

is theb — ¢ vector current. If, in addition, heavy-quaflavor symmetry is used, these amplitudes
can be equated t@(v)|V#|B(v)). The last matrix element simply counts the numbeb gliarks in

aB meson and is, hence, exactly 1. Deviations from the symntietiyyarise at short distances, from
the exchange of gluons withh, < k£ < m;, and also at long distances. Short-distance corrections
are suppressed by powers @f(,/m.my), and long-distance corrections are suppressed by powers of
the heavy-quark masses. The heavy-quark symmetries ajsoedhe corrections of orddr/mg to
vanish, a result known as Luke’s theorem [147]. In summdrgnks to heavy-quark symmetry, un-
certainties from treating the long-distance, non-pesdtivie QCD are suppressed by a factor of order
(A/2m.)? ~ 5%, whereA ~ 500MeV is the contribution of the light degrees of freedom to tiiass of

the mesons. Owing to these constraints from heavy-quarkrgtrg, the exclusive technique is some-
times called model-independent [134], but in practice nhogpendence could appear at ordérm?,
through estimates of the deviation/of, (1) from 1.

To date three methods have been used to estimgte ) — 1. One approach starts with a rigorous
inequality relating the zero-recoil form factor to a spatsum over excited states [148,21]. Here some
contributions can be measured by moments of the includivedexay spectrum (cf. Sec. 2.4.), but others
can be estimated only qualitatively. The other two methamth ktart with HQET to separate long- and
short-distance contributions [149]. The short-distanmetributions are calculated in perturbative QCD.
The long-distance contributions are intrinsically nomtpeoative. Several years ago they were estimated
in a non-relativistic quark model [149,135]. More recentlye HQET technique has been adapted to
lattice gauge theory [150,151], and an explicit calculatio the so-called quenched approximation, has
appeared [152].

The three methods all quote an uncertainty/(i), and henceV,,|, of around 4%. The errors
arising in the sum rule and the quark model calculations #fieldt to quantify and do not appear to be
reducible. In the lattice gauge theory calculations, tlaeeeseveral ways to reduce the error, notably by
removing the quenched approximation and in improving th&chiag of lattice gauge theory to HQET
and continuum QCD. It is conceivable that one could redueaititertainty to the percent level over the
next few years.

3.2.1. Sum rule method

Here the main result of a sum rule that puts a rigorous bound0(l ) is quoted. For a lucid and brief
derivation, the reader may consult a classic review of ttyguark expansion [153]. Based on the
optical theorem and the operator-product expansion, omslwaw that

1
ha(DF + 3= [ dew(e) = 1= Ayjme = Ay (78)

wheree = E — Mp- is the relative excitation energy of higher resonances amdrasonantDr states
with JP¢ = 1=+, andw(e) is a structure function for the vector channel. The contitins Aqjmn
describe corrections to the axial vector current for fimitess quarks. The excitation integral is related
to finite-mass corrections to the bound-state wave funstiemence the “sum” over excited states. The
Ay /,» and the excitation integral are positive, so Eq. (78) ingdley, (1)] < 1.
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Let first consider the excitation integral. Fors> A, the hadronic states are dual to quark-gluon
states. Introducing a scaleto separate this short-distance part from the long-distamact (which must
be treated non-perturbatively), one writes

1 I
%/Odew(e) = %/0 dew(e) + [1 — n3(p)). (79)

Here the short-distance quantify (1) lumps together the short-distance % 1) contribution. Then,
rearranging Eq. (78),

1 1 1 /e
ha, (1) =nap) — §A1/m2 - §A1/m3 - E/o de w(e) (80)

andna(u) is computed perturbatively (to two loops [154]). The othenttibutions arise from long
distances and must be taken from other considerationseThargood handle on the second term on the
right-hand side of Eq. (80), namely,

pE ui(u)—u%(l L2 1 ) 61)

3m?2 + 4

mZ  memp  mi

A2 =
whereu2, and u2 (1) are matrix elements of the chromomagnetic energy and kieetergy (of theb
quark) in theB meson. Note that the kinetic energy depends on the scale Apart from subtleties
of renormalization conventiong;% and u2(u:) are related to the quantities, and A1, given in the
discussion of inclusive s.I. decays. Ignoring this suptfet the momentu, = 3\y = 3(M3. — M3)/4
andyp2 = —\;. The last term in Eq. (80), from higher hadronic excitatidasinconstrained by data.

To make a numerical determination, one must choose a caomahvalue for the separation scale
to u, usually 1 GeV. The choice ¢f altersn 4 (x) andu2 (1), as well as the excitation integral, in ways
that can be computed in perturbative QCD. A recent revievofdhe heavy quark expansion takes

1 1 GeV
—/ dew(e) = 0.5 £ 0.5, (82)
47 Jo

but emphasises that this is a heuristic estimate. Ref. ([#]dd 4, (1) = 0.89+0.04, using a then-current
value of z2. With CLEO’s analysis of moments of the inclusive s.l. desggctrum in hand, one can
convert that determination of; to a determination ofi2 (1 GeV). The updated sum-rule becomes [4]

F(1) = ha, (1) = 0.900 + 0.015 4 0.025 + 0.025, (83)

where the uncertainties are, respectively, from the tvap-loalculation ofn4(1 GeV), the excitation
integral [.e., Eq. (82)], and an estimate ¥, ;,,,5 based on dimensional analysis. The uncertainty from
na(w) could be reduced, in principle, with a three-loop calcolatibut it is already smaller than the
other two, which appear to be irreducible.

3.2.2. HQET-based methods

The main drawback of the sum rule method is that the excitatitegral is not well constrained. Using
HQET one can characterize it in more detail. Based on heaaykgsymmetry one can write

hay (1) = 14 [1+ 81 g2 + 81 s (84)

wheren 4 is a short-distance coefficient, which is discussed in metaibelow. Heavy-quark symmetry
implies the normalization of the first term in brackets [828id the absence of a correctiéyy,,, of
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orderl/mg [147]. The corrections, ,,,» of orderl/mg, contain long-distance matrix elements. Simply
from enumerating possible terms at second and third ottaey, hiave the structure

o 9, p

Ome = G T Gmo@my)  @my)E (85)
® ) ®) ®)

S1jms = — oy Gy e b (86)

(2me)®  (2me)(2my)  (2me)(2mp)  (2my)3]

whereX = 1/(2m.) + 1/(2m;) andA = 1/(2m.) — 1/(2my).
HQET is a systematic method for separating out the long- aod-glistance corrections to the

symmetry limit, making efficient use of the constraints ohlhequark symmetry. It provides a detailed
description of the/s [149,158], of the form

Ix =Y ci(p)M(p), (87)

%

where thec;(1) are short-distance coefficients and th€ (1) matrix elements defined in the effective
field theory. The scalg is now the renormalization scale of HQET. Some contribion the right-hand
side come from the /m¢ expansion of the physical B arigi* mesons and others from the expansion of
the axial vector current. The latter coincide with theand 2 (or 2 and2,) terms in Eq. (81). The
long-distance corrections of the states are, in Eq. (80)taioed inf}' dew(e).

Itis well-known that intermediate quantities defined ireeffve field theories depend on the renor-
malization scheme, but physical quantities do not. We damelit briefly here, for reasons that will
become clear below. At one-loop level, the short-distamedficient is

4doag [.my+me., my ] das o/ ,9 2
=14-—"13———In— —-8| +-— A%+ 2% 88
na(c) +347T mp — M nmc —|—34ﬂ_c,u ( + ) (88)
where the constant is characteristic of the scheme for renormalizing opesatorHQET. In minimal
subtraction schemes = 0, whereas the energy cutoff in Eq. (79) implies= 4/3 (cf. Eq. (19)).
Similarly, the scheme (and) dependence of thés is, to ordery,,

bv(e) = Ly(0)+ 5 >3ep?, (89)
4 o

lale) = La(0) = 53> an’, (90)
4 o

tple) = p(0) + 5530 (91)

Combining the above formulae, one can check that the schependence drops out af;, (1).

As long as one is careful to keep track of the scheme, it doesatier which is used. For many
purposes it is simplest to define all operator insertions imimal subtraction, for whicke = 0. This
is not a problem, as long as one knows how to calculat¢she the same scheme. (For example, the
-\ and ui are defined by the same HQET matrix element, renormalized thatc = 0 and4/3,
respectively.)

The HQET formalism does not provide numerical estimatestlier/s. that requires a non-
perturbative approach to QCD. The first estimates [149,188ld the non-relativistic quark model,
which, though not QCD, can be a useful guide and tends to yater smally, /,,,=. The more re-
cent of these estimates [135] tak&s,,,> to be —0.055 + 0.025, and relies on sum rule constraints.
Combining it with the two-loop calculation of4 [155,156], one obtains

F(1) = ha, (1) = 0.907 £ 0.007 £ 0.025 + 0.017, (92)
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where the quoted uncertainties [135,155] are from pertimbaheory, errors in the quark model estimate
of the 1/m§2 terms, and the omission d)fm?g2 terms. Uncertainties from, and the quark masses are not
included. This result does not pay close attention to thersehdependence mentioned above, because
it uses the standard & 0) result forn4, corresponding to a minimal subtraction definition of thenma
elements in EqQ. (87). The quark model, on the other handupraBly yields thés in some other scheme
(with unknowne # 0). In that case, Eg. (92) over- or undercounts the contobuét the interface of
long and short distances. Moreover, we note that estimdtésegperturbative error based on BLM
resummation [157,66] are larger than in Eq. (92).

Now let us turn to the recent lattice calculation/of, (1). A direct calculation of the matrix
element(D*|A*|B) in Eq. (77) would be straightforward, but not interestingnitar matrix elements
like (0]A*|B) and(x|V*#|B) have 15-20% errors [159]. One must involve heavy-quark sgtrynrom
the outset: if one can focus dry, — 1, there is a chance of success, because a 20% errog.0n 1 is
interesting. The key here is to observe that lattice gaug@yhwith Wilson fermions has the same heavy-
quark symmetries as continuum QCD, foraiha [160]. Consequently, one can build up a description
of lattice gauge theory using HQET, with the same logic andctiire as above [150,151,161]. In this
description the/s in Eqgs. (85) and (86) are the same as for continuum QCD, &xpartlattice effects on
the light quarks and gluons. Discretization effects of thady quark appear at short distances, where
perturbation theory can be used. Thus, the principal changethe usual application of HQET is in the
short-distance coefficients.

To calculate thée’s in lattice gauge theory, one needs some quantities withl siagistical and
normalization errors, whose heavy-quark expansion cosithie/s. Work onB — D form factors [162]
showed that certain ratios have the desired low level of maicey. For the problem at hand one needs

DB BIAD) (ol xe s nos] 12
_ = a1 —IpA“ — A°Y 93
e U e Sl ©9

D B BB ADY) gty e 9 aes]12
— = at 11—y A° — A°Y 94
(D*|Gy%c|D*) (B*[by4b|B*) {77\/ I by by } ) (94)

(D*|&y7y5b[B) (B* b7 y5¢|D) g [ 2 3 A250] 12
- — = a1l —UAA° — 0 ACY . 95
G U ) ©9

For lattice gauge theory, the heavy-quark expansions in @83%-(95) have been derived in Ref. [150],
leaning heavily on Refs. [149,158]. One-loop perturbattweory forni3t ands'st is in Ref. [151]. Thus,

these ratios yield all three termsdyy,,» and three of four terms iy ,,,s (including the largest,?’ /(2m,.)%).

The method then proceeds as follows. First, one computegatlos on the left-hand sides of
Egs. (93)—(95) with standard techniques of lattice gaugerth for many combinations of the heavy
quark masses. Meanwhile one calculates the short—distzzatme:ia‘:icientsn%i‘t and ﬁffi‘t in perturbation
theory. Then, one fits the numerical data to the HQET des$enipbbtaining thels as fit parameters.
One can then combine these results with the perturbatieeletlon ofr 4 to obtaink 4, (1). The scheme
mismatch that arises with the quark model calculation off#hés absent here, as long as one uses the
same scheme to calculat]iét andﬁ}f{“ on the one hand, ang, on the other.

As expected{y is the largest of the /mg matrix elements. Because of the fit, the valué¢\ofis
highly correlated with that 04‘(3), but the physical combination is better determined.

Matching uncertainties arise here, as it is usually the eadeHQET. In Ref. [152] they are of
ordera?, as - (A/m.)?, and(A/mg)3. These can be improved in the future through higher-ordecima
ing calculations. Another uncertainty comes from the dedpeane of the ratios on the light spectator
quark, whose mass lies in the rarigé < m,/ms < 1. There turns out to be a slight linear dependence
on m,, whose main effect is to increase the statistical error.duiiteon, there is a pion loop contribu-
tion [164] that is mistreated in the quenched approximalid®]. The omission of this effect is treated
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Fig. 3.7:(a) Comparison of methods f&f(1). Note that the result labelled “quark model” actually usesrsrule constraints.

(b) Model likelihood function fofF (1), now and with projected smaller errors in the future.

as a systematic error. After reconstitutihg, (1) [152]
F(1) = hay (1) = 091638 £ 0016 GRS (99

where the uncertainties stem, respectively, from stesistind fitting, HQET matching, lattice spacing
dependence, the chiral extrapolation, and the effect ofjtieached approximation.

3.2.3. Comparison and summary

In Fig. 3.7(a) we compare the three results farl) from Egs. (83), (92), and (96). All are compatible
with

F(1) = 0917503 (97)
The agreement is remarkable, even when one considers khaltyabn heavy-quark symmetry (and, so,
compute the deviation from 1), and all compute the shotadie part in perturbation theory (roughly
half of the deviation). It is worth recalling the defects béttechniques. The quark model omits some
dynamics (more than the quenched approximation in lattiC®yQ and it is not clear that it gives this
in the same scheme @g. The sum rule has an incalculable contribution from excitest with (M —
Mp+)? < p2, which can only be estimated. The present lattice resutt ke quenched approximation,
but errors associated with quenching can, in this case, teaged and are given in the last two error
bars in Eq. (96).

When using Eqg. (97) in a global fit to the CKM matrix, one shoafipreciate the quality of the
theoretical information. A flat distribution based on Eqg7)%9vould be incorrect: the three methods
agree well and, more significantly, part of the uncertaintiq. (96) is statistical, and other uncertainties
are under some control. Also, one cannot rule out a tail faetovalues,F(1) < 0.87; they are just
unexpected. Finally, we know th&f(1) < 1 from the sum rule in Eq. (78). A simple function that
captures these features is the Poisson distributionz(fer0)

1-FQ)
~0.000

where N normalizes the distribution. This distribution differggéitly from a synopsis of the lattice re-
sult [163]. The most probable value has been shifted frod3t6 0.910, mindful of the central value

P(z) = Nze ™, (98)
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from the sum rule. [The average based on Eg. (98) is 0.904reéwtork with lattice gauge theory could
reduce the uncertainty by a factor of 3, with unquenchedutations to reduce several of the systematic
errors, higher-order HQET matching to reduce the otherd,hegher statistics to reduce the statistical
errors. Fig. 3.7(b) sketches how the resulting distributieould look. Recent developments [168] in
the treatment of systematic errors (except quenching)aNdlv lattice calculations to provide a distri-
bution that directly reflects statistical and systematicautainties, instead of a schematic distribution as
in Eq. (98).

3.3. Theoretical calculations of the form factorG(1) for B — D£v decays
The form factorG (W) for B — D/{v is given by

B Mp — Mp
G(w) = hg(w) — mh— (w), (99)
where the form factoré, (w) are defined by
(D")|V*B(v)) = VMpMp [(v' +v)"hy(w) = (v = v)"h_(w)] . (100)

Even at zero-recoil both form factors remain. With HQET oma@ derive expressions analogous to
Eqg. (84). Neglecting contributions of ordeg/mg, one finds [149,158,150],

2
hi(l) = nv |1- (2;0 - 2%7%> EP] ; (101)
1 1 1 1
h-) = By + (o = 5 ) A+ (e~ ) (102)

wheregy is of ordera;,. Like the/s above A_ and/_ are (combinations of) matrix elements of HQET.
They must be obtained by a non-perturbative method. Notettigamatrix elementfp appearing in
hy (1) is the same as ifF(1).

Luke’s theorem, applied t8 — D/v, explains why there is nd/m¢ term inh(1). The other
form factorh_(1) is not protected by Luke’s theorem, and, unfortunatelypiesars inG even at zero
recoil [134]. Moreover, although some constraint might beamed from sum rules, there is presently
no useful bound analogous to that implied by Eq. (78). In kasion, there is less theoretical control
overG(l) — 1thanF(1) — 1.

There are several calculations@f1). Using the quark model, Scora and Isgur find [166]
G(1) = 1.03 £ 0.07. (103)

As mentioned above faF (1), the quark model presumably has a problem with scheme depeed
though it may be a useful guide. There have been a few catmusadf/p, A_, and/_ with QCD sum
rules. Including the fulh? correction and using the sum-rule results of [142], one f[263]:

G(1) = 1.02 +0.08. (104)

Although this result is based on QCD, it is unlikely that threoe bar can be reduced further. Finally,
Hashimotoet al. have used lattice QCD and a strategy similar to that#¢t), which homes in on
G(1) — 1. They find [162]

G(1) = 1.05810022, (105)
where errors from statistics, tuning of heavy quark masmas,omitted radiative corrections have been
added in quadrature. One should also expect some uncegrtaint the quenched approximation, per-

haps 15-20% of/(1) — 1. Unlike the calculation of byF (1) by the same group [152], here the depen-
dence on the lattice spacing was not studied. These issukeklmcleared up, by completing calculations
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of (lattice) radiative corrections needed to improve thiewation of h_ (1), and then carrying out the
Monte Carlo calculation of_ (1) at several lattice spacings.

In conclusion, the status of the theoretical calculatiohg§(@) is less satisfactory than fof(1).
We believe that
G(1) =1.04 £0.06 (106)

fairly summarizes the present theoretical knowledgé (af).

3.4. Electroweak corrections

For completeness, we close with a brief summary of electagwmrrections to exclusive s.l. decays.
Some of these effects are shared by the radiative correctiomuon decay, and that is why the muon
decay constan/, appears in Egs. (70) and (71).Another effect is simply tamhaof photons from
the outgoing charged lepton, which could be important inisdettronic decays, if the experimental
acceptance is non-uniform in the electron’s energy. A cetegdreatment is not available, but an adequate
prescription is given in Ref. [169]. If the decaying B meserelectrically neutral, one must multiply
the right-hand side of Eq. (71) with a factor [17D}+ ax to account for the Coulomb attraction of the
outgoing charged lepton and chardetl This corresponds to a shift i, | of about1%.

There are also virtual corrections from diagrams Withand.Z bosons. The leading parts of these
effects are enhanced by the large logarithwi\/; /M), which arise from distances much shorter than
the QCD scale, and their net effect is the faejpy;, in Eq. (71). One finds [171]

(%
NEW = 14+ ; ln(mz/,u) (107)

where the scalg separates weak and strong effects. It is natural tgset)M g, in which casepw =
1.0066. Should the accuracy of the QCD form factérfall below 1%, it might be necessary to go
beyond the leading log description of Eq. (107), but thatldeaquire the introduction of new form
factors beside&, so a general treatment is difficult.

3.5. Semileptonic B decays to a hadronic system heavier th@&nor D*

Semileptonic B decays intg-wave charm mesons are the most important sources of backdyllut-
ing the measurement of th& — D*/v decay rate. The hadronic system heavier th&n is commonly
identified asD**".

In infinite quark mass limit, hadrons containing a singleviyequark can be classified by their
total spin.J and by the angular momentujrof their light degree of freedom. In this limit, heavy quark
mesons come in degenerate doublets with total Spin j + % Therefore, the four charm meson states
‘D**’ corresponding to the angular momenturs 1 are classified in two doublet®,, D*; with j = %
andJ” = (0,1%), andD;, D*; with j = 2 andJ? = (1F,2%). BothD; andD*, are narrow states
(' ~ 20 MeV). This small width is a consequence of their strong dgmaceeding through d-wave
transitions. The resonances of the other doublet are exghéatbe rather broad, as they decay through
s-wave pion emission.

The existence of the narrow resonant states is well estaoli§106] and a signal for a broad
resonance has been seen by CLEO [177], but the decay chimticdeof these states irhadron s.1.
decays have large uncertainties. The average of ALEPH [TAZ O [179] and DELPHI [181] narrow
state branching fractions show that the ratio

B(E — D5iv)

R** = S o~ -~
B(B — Dlgﬁ)

(108)
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is smaller than one< 0.6 at 95% C.L.[182]), in disagreement with HQET calculatiorfsene an infinite
quark mass is assumed [183], but in agreement with calonktivhich take into account finite quark
mass corrections [184].

To estimate theD**’, the LEP experiments use the treatment of narfoW proposed in [184]
which accounts foO(1/m.) corrections. Ref. [184] provides several possible appnaxions of the
‘D**’ form factors, that depend on five different expansion sat&@, A, ¢, By, s, B1, B2) and on three
input parametersy., tn1, z2n1)-

Each proposed scheme is tested with the relevant input péeesrvaried over a range consistent
with the experimental limit onR,.. The F(1)V,, analysis is repeated for each allowed point of the
scan and the systematic error is the maximal difference fileencentral value obtained in this way.
Non-resonant terms may not be modelled correctly in thiscaagh.

3.6. Review and future prospects for the exclusive determation of | V|

3.6.1. |Vg,| fromB — D*/v decays

The decayB — D*/v has been studied in experiments performed afitfeS) center of mass energy
and at theZ® center of mass energy at LEP. At thg4S), experiments have the advantage that the
w resolution is good. However, they have more limited staishearw = 1 in the decayE0 —
D**t¢~1,, because of the lower reconstruction efficiency of the sliwnpfrom theD*t — 7D
decay. The decap~ — D*¢~ 7, is not affected by this problem and CLEO [172] uses both chksnn
In addition, kinematic constraints enaliig4.S) experiments to identify the final state without a large
contamination from the poorly known s.l. B decays I&**’. At LEP, B’s are produced with a large
momentum (about 30 GeV on average). This makes the detdianired w dependent upon the neutrino
four-momentum reconstruction, thus giving a relativelpipresolution and limited physics background
rejection capabilities. The advantage that LEP experimbate is an efficiency which is only mildly
dependent upom.

Experiments determine the produck(1) - |V,|)? by fitting the measuredl'/dw distribution.
Measurements at th¥(4S) have been performed by CLEO [172] and BELLE [173]. At LEP data
are available from ALEPH [175], DELPHI [174] and OPAL [176At LEP, the dominant source of
systematic error is the uncertainty on the contributiodligdw from s.. B — D** decays. TheD**”
includes both narrow orbitally excited charmed meson amdresonant or broad species. The treatment
of the "“D**” spectra is described in 3.5., while branching ratios offihecesses which affect the value
of |V,;,| are taken from [182].

experiment F()| V| (x103) P4, Corrg,t | References
ALEPH published| 31.9+ 1.8+ 1.9 | 0.3 0.17+0.08| 92% [175]
ALEPH update | 31.5+2.14+1.3 | 0.58 0.25+0.11| 94% [182]
DELPHI 355+ 1.44+24 | 1.34-0.14£ 0.23| 94% [174]
OPAL 3714+ 1.0+2.0 | 1.21+ 0.12£ 0.20| 90% [176]
BELLE 35.8-19+1.8 | 1.45-0.16£0.20| 90% [173]
CLEO 43.14+- 1.3+ 1.8 | 1.614+ 0.09+£ 0.21| 86% [172]

Table 3.16: Experimental results as published by the collaboration&€PLnumbers use theoretical predictions for &d
R.. The published ALEPH result is obtained using a linear fit #melold ISGW model [114] foD**. The updated ALEPH
numbers (used in our average) are obtained using the samaréieterization and** models as the other LEP experiments

[185]. The BELLE result listed in the Table uses&d R, from CLEO data.
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Parameter Value Reference
Ry =I'(Z — bb)/T(Z — had) | (21.64+ 0.07)% [180]
fq = B(b — By) (40.0+1.1)% [186]
7(BY) (1.54+ 0.015) ps| [187]
rp PP = E(B meson)//s 0.702+ 0.008 [180]
B(D*t — DO7t) (67.74+0.5) % [106]
R; 1.18 + 0.32 [188]
Ry 0.71 £0.23 [188]
BB — 7v,D}) (1.27+ 0.21)% [182]
B(B~ — D*Tr (D) (1.29+0.16) % [182]
BBy — D*Fr%p) (0.61 +0.08)% [182]
B(B, — D*K/p) (0.65 +0.23)% [182]

Table 3.17:Values of the most relevant parameters affecting the meemt ofV;|. The threeD** production rates are fully

correlated.

Table 3.16 summarizes all published data as quoted in thygnalipapers. To combine the pub-
lished data, the central values and the errorg f)|V,;| and pil are re-scaled to the same set of input
parameters. These common inputs are listed in Table 3.1& #Th)|V,,| values used for obtaining an
average are extracted with the parametrization of Eq. (@Rng on the experimental determinations of
the vector and axial form factor ratidg, andRs [188]. The LEP data, which originally used theoretical
values for these ratios, are re-scaled accordingly [188hl€r'3.18 summarizes the corrected data. The
averaging procedure [185] takes into account statistiodlgystematic correlations betwegif1)|V,,|
andprf_h. Averaging the measurements in Table 1, we get:

F(1)|Vy| = (38.34+1.0) x 1073

and
p4, = 1.5+0.13

with a confidence levél of 5.1%. The error ellipses for the corrected measurememnidar the world
average are shown in Fig. 3.8.

The main contributions to the systematic errotAil)|V,,| are from the uncertainty on ttig —
D**¢v shape and o8(b — By) (0.57 x 10~3), fully correlated among the LEP experiments, the branch-
ing fraction of D andD* decays (.4 x 10~3), fully correlated among all the experiments, and the slow
pion reconstruction from BELLE and CLEO (0.280~2), which are uncorrelated. The main contribu-
tion to the systematic error q@h is from the uncertainties in the CLEO’s measurement pARd R,
(0.12), fully correlated among experiments. Because ofatge contribution of this uncertainty to the
non-diagonal terms of the covariance matrix, the avera@qu higher than one would naively expect.
This situation will improve substantially in the next fewaye through a better determination ®f and
R3, using the higher statistics samples being accumulatdiedfactories, as well as through the full
exploration of the s.I. B decays 1o**.

Using F(1) = 0.91 £ 0.04, as given in Sec. 3.2. but with a symmetrized error, one gets

[ Vo] = (42.1 + 1.1egp £ 1.9y,) x 1073 ] (109)

$Thex? per degree of freedom is less than 2, and we do not scale tire err
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experiment | F(1)|Vep| (x1073) P4, Corrggat
ALEPH 33.6£t 2.1+ 1.6 0.74- 0.25+ 0.41 94%
DELPHI 36.1+ 1.4+ 2.5 1.42- 0.14+ 0.37  94%
OPAL 38.5+- 0.9+ 1.8 1.35:0.12£0.31  89%
BELLE 36.0+ 1.9+ 1.8 1.45: 0.16+£ 0.20  90%
CLEO 43.3-1.3+1.8 1.6 0.09+£ 0.21  86%
World average] 38.3+ 0.5+ 0.9 1.51 0.05t+ 0.12 86%

Table 3.18:Experimental results after the correction to common inpuitd world average. The LEP numbers are corrected to

use R and R, from CLEO data,oﬁ,1 is the slope parameter as defined in Eq. (72) at zero recoil.
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experiment G(1)|Vep|(x1073) g References
Published values

ALEPH 31.1+-9.94-8.6  0.20 0.98+ 0.50 [175]
BELLE 411+ 4.4+52 1.12-0.22+0.14 [190]
CLEO 444+ 58+ 3.7 1274 1.25+0.14 [191]
Scaled values

ALEPH 37.7+ 9.9+ 6.5 0.90+ 0.98+ 0.38

BELLE 41.2+ 4.4+ 5.1 1.12+ 0.22+ 0.14

CLEO 44,6+ 5.8+ 3.5 1274 0.25+0.14

World average 4134+ 2927 1.19% 0.15+0.12

Table 3.19:Experimental results before and after the correction to w@m inputs and world averageg is the slope parameter

as defined in Eq. (75).

The dominant error is theoretical, but there are good paisp®e reduce it through improvements in
lattice QCD calculations, particularly removing the queed approximation.

3.6.2. |Vg| fromB — D{v decays

The strategy to extradl/,;|G(1) is identical to that used foi,;|F(1) in B — D/v decays. As dis-
cussed above, theoretical estimateg Of) are not, at this time, as accurate. This channel is much more
challenging also from the experimental point of view beeails, /dw is more heavily suppressed near
w = 1thandl'p~ /dw, due to the helicity mismatch between initial and final statend because it is hard

to isolate from the dominant backgrourigi,— D*/v, as well as from fake D-combinations. Thus, the
extraction of| V| from this channel is less precise than the one fronBthe D*/v decay. Nevertheless,
the B — D{v channel provides a consistency check.

BELLE [190] and ALEPH [175] have studied e — Do channel, while CLEO [191] has
studied botlB* — D°+7 andB’ — D¢~ decays. The parametrization used in these studies for the
extrapolation to zero recoil is that of Eq. (75). The pulddhesults are shown in Table 3.19, together
with the results scaled to common inputs. Averaging thedattcording to the procedure of [185], we
getG(1)|Ve| = (41.3 £4.0) x 1073 andp? = 1.19 4 0.19, wherep? is the slope parameter 6f(w) at
zero recoil.

UsingG(1) = 1.00 + 0.07, as given in Sec. 3.3., we get

’Vcb’ = (41'3 + 4'081’]7 + 2-9theo) X 10_3, (110)

consistent with Eq. (109) frol — D*/r decay, but with an uncertainty about twice as large.

Since|V,;| drops out of the measured ratidw) /F (w), this can be compared to theoretical cal-
culations independently of their basis. In the heavy-quamit, both form factors are given by the
same function ofv. A precise measurement of their ratio would provide infaioraabout the size of
symmetry-breaking corrections away from zero recoil. Saxgeriments have also looked at the dif-
ferential decay rate distribution to extract the rafiav)/F(w). However, data are not precise enough
to measure the symmetry-breaking corrections away frora eezoil. From the measured values of
G(1)|V| and F(1)|Vep|, we getG(1)/F (1) = 1.08 £ 0.09, consistent with the form factor values that
we used.
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4. Exclusive determination of| V|

As seen in Sec. 2.5|V,;| can be measured from the inclusitve— wlv rate — blind to the particular
decay mode. Such measurements require, however, that &iiteselections be made to discriminate
against the dominarit — clv background. This introduces additional theoretical uiadeties that can
be significant.

An alternative route to measuf®,;| is the exclusive reconstruction of particutar— ulv final
states. Experimentally this provides some extra kineraktionstraints for background suppression, and
theoretically the uncertainties are of a different natufée extraction ofV,,;| is complicated by the
fact that the quarks are not free, but bound inside mesons. pitbability that the final state quarks
will form a given meson is described by form factors. And kelexclusiveb — clv decays, heavy
quark symmetry does not help to normalize these form fa@bparticular kinematic points. A variety
of calculations of these form factors exists, based orclaMCD, QCD sum rules, perturbative QCD,
or quark models. At present, none of these methods allows figity model-independent determination
of |V,|, though lattice calculations should, in time, provide a nge# reach this goal. It is thus very
important to obtain a consistent measuremenfiQf| with both the inclusive and exclusive approach
and also to find consistent results for the various exclugieeles. The simplest mode theoretically is
B — =lv, since a description of its rate involves only one form faatothe limit of vanishing lepton
mass, instead of the three required for vector final states.

The differential rate foBY — 7~ [Tv decays [ = e or 1) is given by

1 dr  G% 3/2

893 = k)2 —m2 + (,2V(2
V|2 dg? — 24m3 [(U k) mw} |5 (@)%, (111)

where the form factof;_(¢?) is defined through

2 2

_ 2 2
(= () ul B () = f£, (0 <p+k>“—%qﬂ +f%w<q2>%qﬂ, (112)

with ¢* the momentum transfer squared,= (p — k)2 = M3 + m2 — 2Mpv - k, andp = Mpo. In
the s.I. domaing? takes values in the range from 0¢#, . = (Mp — m,)? which corresponds to - k
varying fromMg /2 +m2 /(2Mp) to m,. The form factorf%_(q?) does not contribute to the rate in the
limit of vanishing lepton mass.

4.1. Lattice QCD determinations of semileptonic heavy-tdight form factors

Lattice QCD simulations potentially provide a means of glting heavy-to-light decay form factors
from first principle§. These calculations are model independent in the sens¢hthatre based on
approximations of QCD that can be systematically improwedrbitrarily high accuracy. In practice,
however, all calculations to date have been performed iqukeached approximation, where the effect of
sea quarks is treated as a mean field. This introduces a stitenmor that is difficult to estimagepriori,
though experience shows that for many hadronic quantities,deviations induced by the quenched
approximation are in the 10 to 15% range.

Besides the quenched approximation, which will be liftedi€¢ast partially) in the near future,
there are two major practical limitations in the latticectgdtion of heavy-to-light form factors. One is
that the spatial momenta of the initial and final state haslare restricted to be less than about 2 GeV, to
avoid large discretization errors. The other is that lightrk masses are much larger than their physical
value and the corresponding “pion” massis > 400 MeV, so that an extrapolation to the physical light
quarks is needed (the so-called chiral extrapolation). fesalt, the available region fgf is limited to
values above aboyt,, . /2.

YAn introductory, though slightly dated, review of some dé Bubjects covered in this section can be found in [192]
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4.1.1. Results foB? — 7~ I+ form factors

In addition to the extrapolations in light-quark mass, adarstanding of the dependence of the form fac-
tors on heavy-quark mass is necessary. For both these psighse HQET motivated form factors [202]
fi(v- k) andfa(v - k) are useful. They are related to the form factfgs and £ of Eq. (112) through

fild®) = VMg {f 275” 'kk) Ny ﬁj)}, (113)

) = Mo Lipw0)+ ok
Bﬂ'q — \/M—BM%—"ITL?F 1\v 2\V

2
—% lfl(v-k)JrJ@i,’;)zfz(v'k)”- (114)
The HQET form factors are defined such that the heavy quatingcaith Mg — oo is manifest,
namely, f1 »(v - k) become independent af g up to logarithms coming from the renormalization of the
heavy-light current. The corrections due to finitg; are then described as a power series/ilfz. At
leading order in the /Mg expansionf;_(q?) is proportional tofs (v - k), while £ _(¢?) is proportional

to a linear combinatiorf; (v - k) + f2(v - k). Thus, the heavy quark scaling #f,_(¢?) and f%_(¢?) is
given by,

fhe@®) ~ Mg, (115)
() ~ ﬁ (116)

for fixed v - k, up to logarithms and/Mp corrections.

Recently four major lattice groups, UKQCD [193], APE [19B&rmilab [195], and JLQCD [196],
have performed quenched calculationsBof— =lv form factors. The UKQCD [193] and APE [194]
collaborations use non-perturbatively(a)-improved Wilson fermions [197,198,199]) and treat heavy
quarks relativistically. In this formalism, the leadingsdietization errors induced by the heavy-quark
mass,mg, are reduced fronamg to (amg)?, with a the lattice spacing. To keep these errors under
control with the lattice spacing ~ 1/2.7 GeV available to them, they have to perform the calculations
for heavy-quark masses in the neighborhood of the charmkauass and extrapolate to the bottom. The
drawback of this approach is that the extrapolation can dp@fgiant and that discretization errors may
be amplified if this extrapolation is performed before a sanim limit is taken. The Fermilab group
[195], on the other hand, uses a formalism for heavy quarksghich correlation functions computed
with Wilson-type fermions are reinterpreted using HQETQI®1]. In this way, they can reach both
the charm and bottom quarks without extrapolation, and imegstigate the discretization errors using
three lattice spacingsi(= 6.1, 5.9 and 5.7) covering)/a ~ 1.2—2.6 GeV. The JLQCD collaboration
[196] employs a lattice NRQCD action [200,201] for heavy iigaso that the bottom quark mass is
covered by interpolation, and the calculation is done oneasmlatticel /a ~ 1.6 GeV (3 =5.9). Both
the Fermilab and NRQCD approach are based on expansionsfi@Q@bwers ofl /m¢g and precision
calculations at the physicalquark mass require the inclusion of corrections propodido powers
of 1/m; which can be difficult to compute accurately. In the case ofI®, one is also confronted
with the fact that the continuum limit cannot be taken. Albbgps use a®(a)-improved Wilson action
[197] for light quarks. Fig. 3.9 shows a comparison of recestilts for theB® — 7~ v form factors
f-(¢%) and f2_(¢*) from the four groups [193,194,195,196]. For convenienbe, values of these
form factors are also reported in Table 3.20. The latticaltesre available only for the largg region
(13 GeV > ¢% > 23 Ge\?) corresponding to small spatial momenta of the initial B &indl pion.

Good agreement is found amongst the different groupg fof¢?), while the results forr% _(¢%)
show a slight disagreement. To assess where these difesranay come from and, more generally,
to estimate systematic errors, the heavy and light quanagslations, which form a core part of the
underlying analysis, are now briefly reviewed.
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Ref. | ¢2[GeV?] | [f}.(¢?) [5:(@®) | 1/|Vip|?dl/dg® [ps™'GeV ]
APE 13.6 | 0.46(7)T5 | 0.70(9)T3° 0.33(9)" 3
APE 15.0 0.49(7)*S | 0.79(10)*}° 0.31(8)" g
APE 16.4 | 0.54(6)T3 | 0.90(10)+10 0.28(6)"
UKQCD | 16.7 | 05776+2 | 0971 +2 0.29710 T4
FNAL | 17.23 | 064 710 113777 0.35"(11)
JLQCD | 17.79 | 0.407(92) | 1.03(22) 0.25(11)
APE 17.9 | 0.59(6)T3, | 1.05(11)*§° 0.25(5) »
UKQCD | 18.1 0.617¢+0 | 1172 +2 0.27+8 1
FNAL | 1827 | 070 71| 1.367%51% 0.37"¥11)
JLQCD | 1829 | 0.421(92) | 1.09(21) 0.240(94)
JLQCD | 18.80 | 0.435(98) | 1.16(21) 0.231(84)
APE 19.3 | 0.64(6)*%, | 1.25(13)") 0.22(5)" 3
JLQCD | 19.30 | 045(11) | 1.24(21) 0.221(76)
FNAL 1931 | 0.76" 07 7| 1597202 0.36"'3(11)
UKQCD | 195 | 0667275 | 1.472°3 0.2577 +11
JLQCD | 19.81 | 047(12) | 1.33(22) 0.210(71)
JLQCD | 20.31 | 0.49(13) | 1.43(24) 0.199(68)
FNAL 2035 |0.83"19F 21 17271 ® 0.28" %9)
APE 20.7 | 0.71(6)*3, | 1.53(17)%5, 0.19(4)" 2
JLQCD | 20.82 | 0.51(14) | 1.54(27) 0.187(66)
UKQCD |  20.9 0723 5 | 1.8t2Hd 0.231¢ +1
FNAL 2138 | 0.89"10773 | 1.84720%% 0.20" %(6)
APE 22.1 | 0.80(6)1], | 1.96(23)%% 0.16(4)" ;
FNAL 2241 | 0.95"210 | 1.067202 0.13" ¥4)
FNAL 2341 | 1.00"512 | 21072273 0.09" %2

Table 3.20: Form factors and differential rate 8P — =~ I decays from UKQCD [193], APE [194], FNAL [195] and

JLQCD [196]. The first set of errors is statistical and theoselc systematic. In the case of JLQCD, these two sets ofserror

were combined quadratically.
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Fig. 3.9: Recent lattice results foB° — =~ I*v form factorsf;_(¢®) and f3.(¢%). Statistical and systematic errors are

added in quadrature.

Heavy quark scaling

At a fixed value ofv - k, the1/Mp dependences of the form factof§, (¢%)/v/ Mg and f_(¢*)v/Mp
from JLQCD are compared to those of APE [194] in Fig. 3.10.Bwillaborations agree that there is
no significantl/Mp dependence it} (¢%)/v/Mp. For f%_(¢*)v/Mg, on the other hand, the APE
[194] result has a significant slope, which is also suppditethe Fermilab result [195] (not shown in
the plot), while JLQCD do not see such dependence. The rdasthis disagreement is not clear, but it
partly explains the smaller value ¢f,_(¢*) of JLQCD data in Fig. 3.9.

Chiral extrapolation

The chiral extrapolation of the HQET form factofs(v - k) + fa(v - k) and fa(v - k) is demonstrated
in Fig. 3.11. This extrapolation is performed at fixed by fitting the form factors to a power series in the
light quark mass, as suggested in [193]. No attempt is maaedmount for chiral logarithms because they
are not correctly reproduced in the quenched theory [20%,20he figure shows that the extrapolation
is insignificant forfa (v - k) (or f4_(¢?)), while a large extrapolation is involved ify (v - k) + fa(v - k)

(Or f3(a%)).

Summary of current status

The current status of quenched lattice calculations oBhe =lv form factors may be summarized as
follows:

e The physical form factof;;_(¢*) has smalll/Mp corrections in the range of recoils explored.
As a result, neither the extrapolation from the charm-qumass region (in the UKQCD and APE
results) nor the truncation of the/ M expansion (in the Fermilab and JLQCD results) is a domi-
nant source of systematic errgi, (¢?) is more sensitive ta/Mp corrections, and the agreement
among different groups is pooretr.

e The form factorf}_(¢?) is relatively insensitive to light-quark mass, and simpiéypomial chiral
extrapolations are stable. This is not the caseffr(¢?), which displays significant light-quark-
mass dependence.

e The agreement amongst the four groupsﬁgg(q% as shown in Fig. 3.9 is remarkable, because
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Fig. 3.10: 1/Mp scaling of the form factors’}; (¢%)/v/Mz (filled symbols) andf3 . (¢>)v/Ms (open symbols) at fixed
v - k ~ 0.95 GeV. Data from APE [194] (diamonds) and JLQCD [196] (circles).
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the groups use different methods for modelling trepuark, for matching the lattice current to the
continuum one, for performing chiral extrapolatioms¢. This agreement is probably due to the
fact that this form factor is relatively insensitive to hgaand light-quark masses, as longgds,,

is not approached too closely.

These observations allow us to conclude that the systematicis under control at the level of accuracy
shown in Fig. 3.9.

On the other hand, the lattice calculations reviewed haymitant drawbacks:
e They are performed in the quenched approximation.

e The available lattice results are restricted to the lafgeegion. They may be used to predict
the partially integrated decay rate, but predictions fertihtal decay rate usually introduce some
model dependence.

e For the physical form factofgﬂ(q2), the current error is of order 20% for all groups and a signif-
icant reduction in error will be challenging.

Strategies for determining/,;|

With the quenched lattice results f8° — 7~ [*v decays presented above, the only unknown in the
expression of Eq. (111) for the differential decay ratelig,|. To illustrate this point, the results of
the four collaborations for this rate are reproduced in &hR0. It is clear, then, thav,;| can be
determined without assumptions about tifedependence of form factors, once experiments measure
the differential or partially integrated rate in the rande/ovalues reached in these calculations. Future
lattice calculations in full, unquenched QCD will permitngpletely model-independent determinations
of ‘Vub’

The total rate or the differential rate closerd® = 0 can also be used to extradt,,|, but then
an extrapolation becomes necessary. This extrapolatioallysntroduces model dependence and the
resulting|V,;| thus inherits a systematic error that is difficult to quantif

Pole dominance models suggest the following momentum digmee for the form factors,

i 2 wa(O)
=" 117
fBT('(q ) (1 — q2/MZ-2)”i7 ( )
wherei = +, 0, n; is an integer exponent and the kinematical constrgint(0) = f%._(0) has already
been imposed. Combining this with the HQS scaling relatairsg. (115) implies»,. = ng + 1. Light-
cone sum rule scaling further suggests= 1 [211] Il. Another pole/dipole parametrization fgf. and
f#.., which accounts for th8* pole in f_ correctly, has been suggested by Becirevic and Kaidalov

(BK) [241]:

fBW(O)
(1 - ¢?/mp.)(1 — ag®/mp.)
fBW(O)
(1—q?/Bmi.)
Fitting this parametrization to the results of each of ther foollaborations yields the results summa-

rized in Table 3.21. Though uncertainties are still quitgda consistency amongst the various lattice
predictions, as well as with the LCSR result, is good.

Using the results of these fits, UKQCD [193] and APE [194] aibthe following total rate:

fo(d?) =

fr(@®) (118)

_ 9F3+3 ps~!  UKQCD [193]
0 + 2 _ —2—4
LB — 7 1"v)/|Vup| —{ 7.0+£29ps™! APE[194] ’ (119)

I Pole/dipole behaviour fof .. andf;_was also suggested in [212].
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Ref. fBﬂ(O) Q 5
UKQCD M-I[193] | 0.3078*3 | 04679730 | 127711+,
APE M-11[194] | 0.28(6)*2 | 0.45(17)*%, | 1.20(13)*1®
APE M-1[194] | 0.26(5)% | 0.40(15)%5 | 1.22(14)*1°

FNAL M-I[195] | 0.3373 0.3473 13173
JLQCD M-II[196] | 0.23"% 0.58+42 1.28+12
LCSR [213] 0.28(5) 0.32721

Table 3.21: Results of fits of the lattice results from therfgroups to the BK parametrization of Eq. (118). In the resaft
UKQCD and APE, the second set of uncertainties correspandgstematic errors. Method | (M-I) consists in first extrap-
olating the form factors obtained from the simulation irhligjuark mass, heavy-quark mass etc. and then fitting to ke B
parametrization. Method Il (M-11) corresponds to first fiji the BK parametrization to the form factors obtained frdm t
simulation, before any chiral, heavy-quark, extrapolations, and then peforming the extrapolationserfit parameters. The

row entitled LCSR corresponds to a fit to light-cone sum rakaiits.

where the first error in the UKQCD result is statistical and #econd is the systematic error, which

includes the difference between the parametrizations ef 84.7) and (118). In the APE result, where

a fit to the pole/dipole parametrization is not considerée, érror includes statistical and systematic
errors summed in quadrature. Nevertheless, because ofdtiel mependence of these results, a larger
systematic error cannot be excluded.

4.1.2. Future directions

In the following we discuss the directions that should bel@gal in the near future to improve the
accuracy in the determination gf,|.

Extension toward loweg?

As already discussed, it is not straightforward to extettcckacalculations of heavy-to-light form factors
to the lowg? region, though finer lattices will eventually get us thergtr&polations to lowey? values
can be performed using models which incorporate many oftilbevk constraints on the form factors, but
this introduces a model dependence which is difficult to ¢jfiarit has been proposed, however, to use
dispersion relations together with lattice data to obtagdet-independent bounds for the form factors
over the entire/? range [208,209,137]. These techniques are based on thersgmmaients as those used
to constrain the shape of the form factors Ror—~ D*){v decays, briefly presented in Sec. 3.1., though
details of the implementation are quite different. An exé&mg shown in Fig. 3.12. The bounds in that
figure were obtained using the lattice resultsBor— 7iv form factors from [210], the most complete
set available at the time.

Since then lattice calculations have improved signifigaatid it would be interesting to derive
new bounds by combining modern lattice results for the foactdrs with the techniques developed
in [209]. It may also be advantageous to take into accounitiaddl constraints on the form factors.
Furthermore, other ways of extending the range of lattideutations to lower values af? should be
investigated.
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Fig. 3.12: Dispersive bounds fofo(|t|) and f.(¢) in B — 7~ ¢Tv decays [209]. The points are the lattice results of [210]
with added systematic errors. The pairs of fine curves aoe) the outermost to the innermost, the 95%, 70% and 30% bpunds
where percentages represent the likelihood that the fotofaake a value between the corresponding pair of curvebeat

givent. The dashed curves are the LCSR results of Eq. (129) [213hg@oable results are given in Eq. (130) [235].

Unquenching

Lattice calculations have to be performed with dynamical gearks to yield truly model independent
results. Some groups already have gauge configurations/éoflavours of sea quarks with degenerate
masses> m,/2 (instead of the two very light andd quarks and the lightisk quark found in nature).
The study of B meson decays on these backgrounds presersoeptual difficulty.

In practice, however, the chiral extrapolations requieedetich the:, andd quark masses may be
rather delicate as it is not clear that the light-quark massed in the simulations are light enough to be
sensitive to the so-called chiral logarithms which are etgu:to dominate the small mass behaviour of
many physical quantities (see e.qg. [214-217] for recemudisions). It will be very important to control
this light-quark-mass behaviour to obtain accuracieebétbn 10%.

UsingD — =lv decays to improve predictions fér — «lv form factors

In the heavy charm and bottom limit, heavy quark symmetrgtesl theB — xlv form factors toD —
wlv. Burdmanet al. [202] proposed to consider the ratio

2

dI'(B® — 7~ 1tv)/d(v - k) B ‘Vub 2 <MB)2 /v Mp (120)
dr(D0 — w=l*v)/fd(v-k)|_ Vel \Mp/) |f}./VMp|’

from which one may extract the ratio of CKM matrix elemejits, /V.4|. In view of the high-precision
measurements of D decays promised by CLE@Guch an approach to determinifig,;| is becoming
increasingly relevant.

Itis convenient to factorize the nearest pole contribut@yi;_(¢?), which is expected to dominate
the ¢ behaviour of this form factor in the heavy-quark limit, ah$t¢ close to zero recoil. Thus, the
breaking of heavy quark symmetry may be parametrized as

I /v Mg _ v-k+Ap
fbi'w/\/MD v-k+ Ap
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whereAp p = mp+ p- —mp p and(Rpp(v-k)—1) describes thé/Mp p corrections to be calculated
on the lattice. The question then becomes whelen (v - k) can be calculated more accurately on the
lattice thanf_(¢%). The answer is “yes” as a number of uncertainties are expéateancel in the ratio.

It is also encouraging that the heavy-quark-mass deperd#ifg(v - k) appears to be mild, as discussed
previously.

To reach a level of 5% accuracy or better, the systematicseassociated with the heavy quark
have to be under good control for both charm and bottom quditkese errors should also be as similar
as possible in the two regimes in order for them to cancettfidy. For these reasons, the relativistic
and Fermilab approaches seem to be preferable to the use QCBRIndeed, NRQCD involves an
expansion of QCD in powers df/ (amg) which requires either the inclusion of high-orders or cears
lattices ¢! < mg) whenmg approaches the charm mass. High orders are difficult to imghe in
practice and coarse lattices imply large discretizatioarer

To reach such levels of accuracy, it is also important toystatefully the extent to which un-
certainties associated with the chiral extrapolation effibrm factors and with the presence of chiral
logarithms cancel in the ratio of bottom to charm amplitudes

B to vector meson semileptonic decays

The rate forB — plv is less strongly suppressed kinematically ngay, than is the rate foB — rlv
and it is larger overall. Thus, the number of events will bgda in the region where the lattice can
compute the relevant matrix elements reliably. In [2183 tHKQCD collaboration suggested th&t,, |
be obtained directly from a fit to the differential decay rateundq? .., with the overall normalization
of this rate, up to a factor qﬂ/ub|2, determined using lattice results. With their lattice tesusuch
a measurement would allow an extraction|Bf,| with a 10% statistical and a 12% systematic error
coming from theory™* A first measurement of this differential rate has actualigady been performed
by CLEO [219].

Very recently, two lattice collaborations (UKQCD [222] aB8QcdR [223]) have begun revisiting
B — plv decays. Their calculations are performed in the quenchptbaipnation and results are still
preliminary. Shown in Fig. 3.13 are the four independeninféactors required to describe tie— p
s.l. matrix elements, as obtained by SPQcdR [223] at twoegadif the lattice spacing. Also shown are
results from light-cone sum rule calculations [228] whigk axpected to be reliable for lower values
of ¢>. These sum rule results look like very natural extensionshefform factors obtained on the
finer lattice. Combining the LCSR results fof < 10 GeV? with the results on the finer lattice for
¢* > 10GeV? yieldsI'(B — p~lv) = (19 £ 4)[V,,[> ps~* [223]. It will be interesting to see what the
calculations of [222,223] give for the differential rateoab 10 GeV? once they are finalized.

As was the case fd — =l decays, derivation of the ful® dependence of the form factors from
lattice data involves a large extrapolation frgf> 10 GeV? all the way down ta;? = 0. Here, the use
of dispersion relations is complicated by the singularityicture of the relevant correlation functions
and form factors. There exist, however, lattice-conse@iparametrizations a8 — plv form factors,
which are consistent with lattice results and heavy-queakirsg relations at large?, and with kinematic
constraints and light-cone sum rule scalingzat= 0 [211]. These parametrizations provide simple,
few-parameter descriptions of s.I. form factoris.However, at values of the recoil for which there are
not lattice results (i.e. low?), they are not predictions of (quenched) QCD.

**Other early lattice work o8 — plv can be found in [220,221].
T Away from ¢? = 0, these parametrizations are actually not fully consisietfit the large-recoil symmetry relations derived

in [212] amongst the soft contributions to the relevant fdactors. For completeness, let us mention thattheorrections to
these symmetry relations were calculated in [224] and ctioes in powers ol /m; were investigated in [225,226,227]
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Fig. 3.13:Example of quenched lattice results r— plv form factors plotted as a function gf [223]. These results were
obtained at two values of the inverse lattice spacifg = 3.7 GeV and 2.7 GeV, corresponding to bare couplings values

B = 6.45 and 6.2 respectively. Also shown at lay¥ are the light-cone sum rule results of [228].

4.1.3. Summary
Four groups have recently performed quenched lattice legions of B — 7iv form factors forg? >

12 GeV? and their results agree. Agreement is bestﬁg which determines the rate for these decays
in the limit of vanishing lepton mass. The error on this forwtor is of order 20%. The main sources
of remaining systematic errors are quenching and lightigoaass extrapolations for all the groups, and

heavy-quark-mass extrapolations, discretization, amgigmtive matching, depending on the group.

A substantial reduction in the error (i.e. below 10%) will difficult to achieve solely in lattice
QCD. This is where the use of ratios of s.l. B and D rates, ssdh@one given in Eqg. (120), could be
very helpful.

There is still a substantial number of improvements to beartacdresent calculations. The list
includes unquenching, the use of dispersive bounds or atkans of extending the kinematic reach of
lattice calculations, the determination of ratios of s.agl D rates, and more investigationsBf plv
decays.

4.2. Heavy-to-light form factors from light-cone sum rules

The QCD light-cone sum rules (LCSR) [230,231] provide eatas of various heavy-to-light transition
form factors. In particulalB — P,V form factors P = w, K andV = p, K*, ¢) have been calculated
at small and intermediate momentum transfers, typically atg* < m? — 2mAgcp. The upper part

of this interval overlaps with the region accessible to titéide calculations of the same form factors,
allowing one to compare the results of two methods. In whiddis we will concentrate on the LCSR
prediction for theB — = form factor f7_ [232-234]. Its accuracy has been recently improved in
Ref. [235]. For the LCSRB — V form factors we refer to the NLO calculation in Ref. [228] aondhe
resulting parametrization in Ref. [236].
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The LCSR approach to calculafgr employs a specially designed theoretical object, the vacuu
to-pion correlation function

/d4x€“”’ p) | T{urub(x), mpbivsd(0)} 10) = F((p+ @)%, ¢*)pu + Olqu) , (122)

where theb — u weak current is correlated with the quark current which lesB meson quantum
numbers, ang? = m2. Writing down the dispersion relation for the invariant ditygle £

2fo§7T(q2)M% + Z 2thfg}L7T(q2)m2Bh

F(p+a)*d*) =
Mg —(+a? 5 mp, —(p+aq)?

: (123)

one represents the correlation function (122) in terms dfdwic degrees of freedom in the B channel.
The ground-state contribution in Eq. (123) contains a pcodd the B meson decay constafyt and
the form factorf# _(¢?) we are interested in, whereas the sum d¥glaccounts for the contributions of
excited and continuum B states.

The dispersion relation is then matched to the result of Q&lButation of F'((p+¢q)?, ¢*) at large
virtualities, that is, at (p + ¢)? — m} [> A}cp andg® < m{. In this region the operator-product
expansion (OPE) near the light-cong = 0 is employed:

k
A
F((p+q)2’ V/l)uZ (_> Tk(ft)((p+q)27q27u27mb>u)(70§rt)(ulyﬂ) (124)
t=2,34 k=0,1

This generic expression is a convolution of calculable tstistance coefficient functioriE,gt) and uni-

versal pion light-cone distribution amplitudes (D&&t) (u;, ) of twist t. Here,m, is the one-loop-
quark pole masg; is the factorization scale and the integration goes ovepitie momentum fractions
u; = uy,ug, ... distributed among quarks and gluons, so hat = du;dus...0(1—>"; u;). In particular,
gpf) (uy,ug, ) = fron(u, i), (ur = u,ue = 1 — u) wherey, is the lowest twist 2, quark-antiquark
pion DA normalized to unity:

or(u, p) = 6u(l — u) <1 + Zagn 3/2 (2u — 1)) . (125)

In the above(’s,, are Gegenbauer polynomials and the oefficient§:), that are suppressed logarith-
mically at largeu, determine the deviation @f; (u) from its asymptotic form. Importantly, the contri-
butions to Eq. (124) corresponding to higher twist and/ghbr multiplicity pion DA are suppressed by
inverse powers of thé-quark virtuality (m? — (p + ¢)?), allowing one to retain a few low twist con-
tributions in this expansion. Furthermore, one uses ghadeon duality to approximate the sum over
By, in Eq. (123) by a dispersion integral over the quark-gluoecsgal density, introducing a threshold
parametes{’. The final step involves a Borel transformation+ ¢)2 — M?2, where the scale of the
Borel parameten/? reflects the characteristic virtuality at which the cortiela function is calculated.

The resulting sum rule relation obtained by matching Eg&3)Jand (124) can be cast in the
following form:

Il (d®) = ]\;% eXp( ) Z Z ( S) f(t Mz;mb,soB,u;{DA}(t)), (126)

t=2,3,4 k=0,1

where the double expansion (in twists andvy) and the dependence on the relevant parameters are made
explicit. In particular{DA}®) denotes the non-perturbative normalization constant angasymptotic
coefficients for each given twist component, e.g., far {DA}Y? = {f. a;}. The sum rule (126)
includes all zeroth order i, twist 2,3,4 contributions containing quark-antiquarkl grmark-antiquark-
gluon DA of the pion. The perturbative expansion has NLO ey including theD(«y) corrections
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to the twist 2 [233] and twist 3 coefficient functions, thedatrecently calculated in Ref. [235]. More
details on the derivation of LCSR (126) and the explicit @gsions can be found in the review pa-
pers [237-239].

For the B meson decay constant entering LCSR (126) one yseralbloys the conventional SVZ
sum rule [46] for the two-point correlator 6fy;q currents withO (o) accuracy (a recent update of this
sum rule [240] is discussed in Chapter 4 of the present dogt)me

k
Qg —
fam XX (%) AT musf 000 (127)
d=03+6 k=0,1 N

where the expansion contains the perturbative term witredsiond = 0 (g = 1), and, atd > 3, goes
over condensates, the vacuum averages of oper@prs gq, G}, G*", ..., multiplied by calculable

short-distance coeﬁicien@,ﬁd). The Borel parametel/ is correlated withl/. The LCSR prediction for
theB — « form factor is finally obtained dividing Eq. (126) by Eq. (327

Fi:(a®) = (fefh:(®) Losr/ (FB)2ptsk - (128)

In order to demonstrate that the expansion in both twista@nih this relation works well, we present
the approximate percentage of various contributions tegkelting form factor (128):

twist DA LO O(as) NLO
2 aq ~ 50 % ~ 5%
3 aq ~ 40 % ~ 1%

4 qq 0 _
3+4 GG } 5%

The input parameters used in the numerical analysis of thersiles (126) and (127) have a
limited accuracy. The theoretical uncertainty is estirdatg varying these inputs within the allowed
regions and adding up linearly the separate uncertaimidsced by these variations in the numerical
prediction for fgw. The resulting total uncertainties are given below, togethith the parametrizations
of the form factor. A detailed theoretical error analysis ¢ found in Ref. [213]. To summarize it
briefly, one source of uncertainty is the value of thguark one-loop pole mass. The two most recent
LCSR analyses usey, = 4.7 £ 0.1 GeV [213] andm;, = 4.6 = 0.1 GeV [235]. In both studies,
the thresholds{’ is not an independent parameter, being determined by igtagilfz calculated from
Eqg. (127) at a giveh-quark mass. The uncertainty induced by varying the fazation scalg: (adopted
simultaneously as the normalization scaledgy is very small, firstly, because the NLO approximation
is implemented for both dominant twist 2 and 3 terms, andyrsdly, because the relatively largg o)
corrections to the twist 2 contribution and to tfig sum rule cancel in the ratio (128). Another source
of uncertainty is our limited knowledge of the non-asymigt@art in the pion DA (determined by the
coefficientsas,, and the analogous coefficients in twist 3,4 DA). In Ref. [2fi8]se coefficients were
varied from a certain non-asymptotic ansatz of DA (motigaig QCD sum rules) to purely asymptotic
DA. Such a substantial variation covers the existing cairds on non-asymptotic coefficients obtained
from LCSR for pion form factors. The latter constraints h&a@en used in Ref. [235]. In fact, LCSR
involve integration over normalized DA, therefore it isural that the results only moderately depend
on the non-asymptotic coefficients. Finally, to assess ¢hahility of the LCSR procedure one has to
comment on the use of quark-hadron duality, which is the re@ssitive point in the sum rule approach.
We expect that the sensitivity to the duality approximat®saubstantially reduced: 1) by restricting the
Borel parameter at not too large values and 2) by dividingtbetfz sum rule which depends on the
same threshold. The fact that the QCD sum rule predictiorf #afsee Chapter 4 and [240]) is in a good
agreement with the lattice results indicates that quaddcdraduality is indeed valid in the B channel.
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For a convenient use in the experimental analysis, the L&SHIts forB — = form factor are
usually fitted to simple parametrizations. One of them, sstgg in Ref. [213] employs the ansatz [241]
based on the dispersion relation ft_(¢?). The latter is fitted to the LCSR predictions 6§, in its
validity region0 < ¢? < 14 — 16 GeV2. For theB*-pole term theB* Br coupling [242] is determined
from the same correlation function (124). The result is:

0.23 =+ 0.33

(1—¢2/M2.)(1 — aprq?/M3.) " (129)

fin(d®) =

where the values of the slope parameter correlated withatlierland upper limits of the interval for
f#.(0) are almost equalog, = 0.39 <+ 0.38. A different parametrization was suggested recently
in Ref. [235]:

0.26 £ 0.06 £ 0.05
+ (.2 2 2
= , < 5
I6:0) =1 ruengy © S0
C 2 2
= > q5, 130
-/ 170 (130)

where the LCSR result is extrapolated to lardeusing theB*-pole form. In Eq. (130) the ranges of
fitted parametersy = 2.34+1.76, b = 1.77+0.87, ¢ = 0.384+0.523, andg3 = 14.3+18.5 Ge\?, are
correlated with the first error igﬁgw(o), whereas the second error is attributed to the uncertairtyeo
quark-hadron duality approximation. Note that all valuethin the uncertainty intervals in Eqgs. (129)
and (130) have to be considered as equally acceptable tiabngredictions, without any “preferred
central value”. The numerical differences between the ffarctors (129) and (130) are smaller than the
estimated uncertainties and are caused by slightly differputs and by the smald(«;) correction to
the twist 3 term taken into account in Eq. (130) but not in BEQ9) (where an additional uncertainty was
attributed to this missing correction).

Having at hand the form factor, one can predict fhe~ wlv decay distribution using Eq. (111),
as is shown in Fig. 3.14 in the case of the form factor (129 ddrresponding integrated s.l. width is

(B — 7 1T) = (7.3 £ 2.5)|Vup [?ps (131)

where the indicated error is mainly caused by the unceytajhyfgw(o), whereas the uncertainty of the
form factor shape is insignificant. This prediction [213]swvacently used by BELLE in their preliminary
analysis ofB — wlv decay (see Sec. 4.3.1.). A similar estimatélgf| was obtained in Ref. [213] using
the older CLEO measurement [245] of tBe— nlv width.

The advantage of LCSR is that one can easily switch fromBhe> 7 to D — =« form factor
replacingb quark byc quark in the underlying correlation function (124). The Lgrediction forf;
obtained in Ref. [213] and parametrized in the form analsgolEq. (129) yields ®*-pole dominance:

0.65 £0.11

—_—, (132)
1—q%/m%.

Fbn =
at0 < ¢*> < (Mp — mz)?%. The corresponding s.I. widlA(D? — 7~ et1,)/[V.4|? = 0.13 £ 0.05 ps~*
calculated with the known value ¢¥.,| is, within errors, in agreement with the experimental numbe
0.174 £ 0.032 ps~! [106]. To make this comparison more decisive it would be vergortant to have
new, more accurate measurements of the decay distributiimgegrated width ob? — 7~ et w,.

Are further improvements of the LCSR result fgf,_ and f;)_ possible? As we have seen, the
accuracy of OPE for the correlation function is quite suffiti TheO(a?2) level recently achieved in the
sum rule forfg [240] is certainly not an immediate task for LCSR, being aésthnically very difficult.
More important is to improve the accuracy of the input paramseby 1) narrowing the interval of the
gquark mass and 2) gaining a better control over the parametgrion DA. For the latter, in particular,
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Fig. 3.14:LCSR prediction for th& — wlv decay distribution [213] at the nominal values of inputsligp with the interval
of theoretical uncertainties (dashed), compared with sofiike recent lattice calculations taken from Refs. [248]igspoints)

and [194] (open points).

one needs more precise data on pion form factors, espeoiafyy — 7° (the latter form factor can in
principle be measured at the saate=~ B-factories) and, eventually, lattice QCD simulationsqf(u)
and other DA. A better control over duality approximationtlie B and D channels can be achieved if
radially excited B and D states are accurately identifiedhhiir masses and widths. Optimistically,
one may hope to reduce the overall uncertainty of the LCSRigtien forfg7r and other heavy-to-light
form factors to the level of-10%, which is a natural limit for any QCD sum rule prediction.

In conclusion, we emphasize that, in addition to providisgreates of the form factors, LCSR
help in understanding important physical aspects of theyhtalight transitions. First of all, LCSR
allow to quantitativelyassess the role of the soft (end-point) vs hard (pertudbativon exchange) con-
tributions to the form factors, because both contributiare taken into account in this approach. Sec-
ondly, using LCSR one is able to predict [231] thg — oo limit, f7 (0) ~ 1/mZ’/2, which is used
in some lattice extrapolations. Last but not least, LCSRmexpanded in powers &fm; and1/E,
assessing the size @f m; and1/E corrections to various relations predicted in effectiveatties for

heavy-to-light decays.

4.3. Review and future prospects for the exclusive determation of |V,;|

4.3.1. Measurements 6fR(B — nlv)

The first exclusive measurement of the madgle—~ 7/r was presented by the CLEO collaboration in
1996 [245]. The neutrino momentum is inferred from the migginomentum in the event, using the
hermeticity of the detector. Events with multiple chargepitbns or a non-zero total charge are rejected,
resulting in a reduced efficiency in favour of an improvedtriao momentum resolution. Isospin rela-
tions for the relative partial width are used to combineIfeandB°® modes. A fit is performed using
the Variableszwccmd - \/Egoam - ’ﬁu +ﬁ€ +ﬁp,w,7r‘2 andAE = (Ep,w,ﬂ + EZ + ‘ﬁmiss’c) - Eboamv
whereEycan is the well known beam energy. The mod&s— plv (with p° andp~) andB — w/v are
also included in the fit because of cross-feed between thedesrand3 — n/v. Thep (w) mode uses
the invariant two (threex mass in the fit to distinguish better between resonant angresomant final
states. Backgrounds from continuum processes are sudutrasing off-resonance data. The shape of
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the five signal contributions, the— ¢, andb — u backgrounds are provided by Monte Carlo simula-
tion. The final results for the branching ratio g, are obtained by averaging over four separate form
factor calculations: two quark models (ISGW?2 [246] and Mediv [247]), a model by Wirbel Stech and
Bauer [248], and a hybrid model that uses a dispersionivalitased calculation of thelv form fac-

tor [249] and combines lattice calculation of thé form factors [250] with predicte@/v form factor
relations [251]. The dominant systematic uncertaintiesedrom uncertainties in the detector simulation
and modelling of thé — /v backgrounds. The result usiags6 fb~! on resonance data is

BB — 77 e"v) = (1.8 £04 + 0.3 + 0.2) x107*, and (133)
V| = (3.3 £ 02703 +0.78) x 1073. (134)
The errors given are statistical, systematic, and themalein the order shown. Note that the above value

of | V4| is extracted using both theandp modes. At ICHEP 2002 BELLE presented a preliminary result
using60 fo~! on-peak and fb~! off-peak data [253]. Results are quoted for the UKQCD mo2l]

BB’ - 7~ etv) = (1.35 + 0.11 £ 0.21) x107*, and (135)
V| = (3.11 £ 0.13 £ 0.24 + 0.56) x 1073 (136)
and for the LCSR model [213]
BB’ - 7~ et v) = (1.31 + 0.11 + 0.20) x 107*, and (137)
V| = (3.58 £ 0.15 + 0.28 + 0.63) x 1073 (138)

The CLEO collaboration submitted a preliminary updatedyeis[257] to ICHEP 2002 based on
9.7 x 10° BB pairs. In addition to more data compared to Ref. [245], theyais has been improved in
several ways: the signal rate is measured differentialiiiaeq? regions so as to minimize modelling
uncertainties arising from thg dependence of the form factors (this is the first time thisdess done in
the B — wfr mode); minimum requirements on the signal charged leptomembum were lowered for
both the pseudoscalar and vector modes, thereby increti@rarceptance and also reducing the model
dependence; and th€, /v feed-down modelling included a simulation of the inclugrecess using a
parton-level calculation by De Fazio and Neubert [258]nds-perturbative parameters measured in the
CLEO analysis of thd8 — X,y photon energy spectrum [117,74], with the ISGW?2 [246] madsld
to describe a set of expected resonant stateEhe preliminary CLEO result [257] for the branching
fraction was

BB’ — 7 etv) = (1.376 £ 0.180 T)138 + 0.008 £+ 0.102 £ 0.021) x 107*, (139)

where the uncertainties are statistical, experimentdésyatic, and the estimated uncertainties from the
mfv form factor, thepfv form factors, and from modelling the oth®& — X, /v feed-down decays,
respectively. By extracting rates independently in thiegeasate;? ranges, the CLEO analysis demon-
strated a significant reduction in the model dependencealetfitiency variations as a function gf.

In a preliminary effort to reduce the impact of theoreticatertainties on the form factor nor-
malization, the CLEO collaboration [257] usettdependent partial branching fractions to extriags|
using arn/v form factor from light cone sum rules in the range < 16 GeV? and from lattice QCD
calculations above this range to obtain the averaged pgrelimresult

V| = (332 £ 021 + 577 £ 555 + 0.12 + 0.07) x 1073, (140)

where the uncertainties represent the same quantitiesedefithe branching-fraction expression above.
In addition, by performing simple? fits of |V,;| across the threg? ranges with a given form factor
model, the CLEO method can discriminate between competing factor model shapes on the basis of
x? probabilities in the fits to the data. The CLEO technique heenlused, for example, to demonstrate
that the ISGW?2 [246] model is likely to be unreliable for theraction of|V,;| from ther/r mode.

HNote that the inclusive rate is reduced to allow for thatiparbf the total rate that is treated exclusively by the ISGW2

model.
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4.3.2. Measurements &fR(B — plv)

Analyses that are optimized for the modés— pfv were performed by CLEO [219] and BaBar [254].
BELLE also presented a preliminary result at ICHEP 2002 [255gain the modeB*t — p%/*v,

B — p~¢ty, Bf — wlty, Bt — 7%ty, andB® — 7= ¢+v (with p° — 7t7—, p~ — 7%7—, and

w — 707t 77) are fully reconstructed, the inclusion of charge conjagigcays is implied throughout.
The neutrino momentum is inferred from the missing momeritutine event. The selection is somewhat
looser than for the other analysis (see above), resultirghigher efficiency but decreasédt resolu-
tion. Off-resonance data, taken below fli¢4S) resonance, are used for continuum subtraction. The
shape of the five signal contributions, the— ¢, andb — u background are provided by Monte Carlo
simulation. A fit with the two variables/. ) andAE is performed, simultaneously for the five decay
modes and for two (for CLEO three) lepton-energy regiohs, () is the invariant hadronic mass of
the p (w) meson and\ F is the difference between the reconstructed and the exp8cteeson energy,
AE = E,,x + E; + |Pmiss|c — Eveam. These analyses are most sensitive for lepton energies abov
2.3 GeV, below that backgrounds frobn— ¢/v decays dominate. Isospin and quark model relations are
again used to couple tHg+ andB® andp andw modes. The dominant systematic uncertainties arise
from uncertainties in the detector simulation and modelththeb — wfv backgrounds.

The CLEO and BaBar analyses obtain their results for thedhiag ratio andV,,;| by averaging over
five separate form factor calculations: two quark model§&SWR [246] and Beyer/Melikhov [256]), a
lattice calculation (UKQCD [211]), a model based on lighhesum rules (LCSR [228]), and a cal-
culation based on heavy quark a6@(3) symmetries by Ligeti and Wise [259]. CLEO published the
result [219]

BB — p etv) = (269 £ 0.4113% + 0.50) x 107*, and (141)
V| = (323 £ 0.24 7032 4+ 0.58) x 10723, (142)

BaBar uses0.5 fo~! on resonance ang.7 fo~! off-resonance data and obtains the preliminary re-
sult [254]

BB’ — p~etv) = (3.39 £ 044 £ 0.52+ 0.60) x 10, and (143)
Vil = (3.69 + 0.23 + 0.27 7040y % 1073 . (144)
0.59

BELLE quotes preliminary results only for the ISGW2 modelthaut theoretical error) using9 fb—!
on resonance arkifb~! off-resonance data

BB'T - p%ty) = (1.4440.1840.23) x 107*, and (145)
Vis| = (3.50 £ 0.20 4 0.28) x 1073 (146)
Another result was obtained by CLEO earlier (this analysis described in the previous Section [245])
BB — p~etv) = (25 £ 047132 + 05) x107*, and (147)
Vsl = (3.3 £ 02703 +0.78) x 1072 (asin Eq. 134)

Note that the above value @f,;| is extracted using both theandp modes. CLEO quotes the following
average result for the two analyses that were presentedfin [R45,219]:

Vsl = (3.25 £ 0.14 )25 + 0.55) x 1073 . (148)

More recently, the CLEO collaboration has presented amnetiry analysis [257] that uses the
neutrino-reconstruction technique to reconstruct theems®l — p ¢ v in a self-consistent way along
with the other experimentally accessible~ v ¢ v exclusive modes. Whereas the analyses described in
Refs. [219,254,255] are principally sensitive to the leptadpoint region above 2.3 GeV, the improved
CLEO measurement [257] imposes a charged-lepton momenitamnian of 1.5 GeV¢ with a view to
reducing the dominating theoretical uncertainties. Duia¢olarge uncertainties i/ from modelling
the simulated feed-dowB — X, /v backgrounds, at the time of ICHEP 2002 t# mode was not
used by CLEO to determine a prelimind#y,;| value.
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4.3.3. Measurements &fR(B — wlv)

A first preliminary result was presented at ICHEP 2002 by t&& BE collaboration [260]. The analysis
uses electrons witll > 2.2 GeV and is based 060 fo~! on resonance angifb~—! off-resonance data.
Events are selected by requiring that the missing mass ®istent with zero /2., < 3.0 GeV/c?),
and that the Dalitz amplitude &% of its maximum amplitude4 = |p,+ X p.—| > 0.75 X Apax)-
After subtraction of all backgrounds9 + 15 signal events remain. The dominant systematic error is the

background estimationi§%). The preliminary result using the ISGW2 form factors is
BB'T - wetv) = (14404 +0.3) x 107%. (149)

No value for|V,,;| is given for this analysis.

4.3.4. Measurements & R(B — nlv)

As in the case of th®8 — 7/v mode, the decay/v is described by only one form factor; however, the
extraction of|V,;| is complicated by the) — " mixing. Experimentally, the) has a clear signal and,
due to its large mass, one can study the region ofsjjawomenta, where lattice calculations are most
reliable. B — nfr decays can be related via Heavy Quark Symmetiy te> nfv. It is envisioned that
future measurements of the latter mode by CLEO-c can be oselibrate the lattice calculations, and
the B-factories can then use the calibrated lattice to medsu— nfv. A first preliminary result using
approximatelyd.7 x 106 BB events was presented at DPF 2002 by the CLEO collaboratt:[2

BBt — ntv) = (0.39+3 18009 » 1071, (150)

The separate CLEO global exclusive study [257], submittd€€HEP 2002, also found evidence for the
modeB* — n¢*v with a significance of 25. No value for|V,;| was determined from these analyses.

4.3.5. Summary

Several mature measurements of the chanBels ¢ andB — pflvr exist and can be used to extract
the value of|V,;|. That these results are limited by the large theoreticakramties on the heavy-to-
light form factor shapes and normalizations renders théusik@ approaches important to help clarify
the non-perturbative QCD aspect of these decays, besidesling an alternative avenue [0,;,|. With
larger data samples, increased experimental acceptamakanprovements in our understanding of the
background processes, the competing form factor modelsaledlations can now begin to be tested
through shape-sensitive comparisons with data. A sumnfagroe of the results is shown in Fig. 3.15.
For the BELLEB — 7/v result the average of the two form factor model results isvsho

A combined value (the last row in Fig. 3.15) has been caledlas weighted average of the
combined CLEO result, the BaB& — pev result and BELLE'SB — «/v result. The weights are
determined by the statistical error added in quadraturie tlvé uncorrelated part of the systematic uncer-
tainty. We assume that the systematic uncertainty is coetpgaadratically out of an uncorrelated part
and a correlated part of about equal size, where the cardefzrt arises mainly from the modelling of
theb — u feed-down background. The experimental error of the coptbiralue includes this correlated
contribution. The relative theoretical error is similar &l measurements; we take the one from the
BaBar measurement. The result is

[ Viblewer = (3.38 & 0.24cqp T057 ) x 1072 ] (151)

5. B hadron lifetimes and lifetime differences

Beside the direct determination of inclusive and exclusivedecay widths, there are several other mea-
surements of B meson properties which are instrumentalstimtg some of the theoretical tools (OPE,
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Fig. 3.15:Current s.l. exclusive measurementgldf,|. The combined value is explained in the text.

HQET, and lattice QCD) and are relevant in the precisionrd@tetion of the CKM parameters. For
instance, a precise evaluation &f\/,; from the measurement of the time integratéti — BY oscilla-
tion rate requires an accurate measurement oBtheneson lifetime. The accuracy of thg) lifetime
and of the lifetime ratio of charged to neutral mesons are alsource of uncertainty in the extraction
of |V,| with the exclusive method. Measurements of B lifetimes tiestdecay dynamics, giving im-
portant information on non-perturbative QCD effects irelliky the spectator quark(s). Decay rates
are expressed using the OPE formalism, as an expansiépm /mq. Spectator effects contribute at
O(l/m%) and non-perturbative contributions can be reliably evaldigat least in principle, using lattice
QCD calculations.

Since the start of the data taking at LEP/SLC/Tevatron, tense activity has been devoted to
studies of inclusive and exclusive B hadron lifetimes. Mafkthe exclusive lifetime measurements
are based on the reconstruction of the beauty hadron primperiy determining its decay length and
momentum. The most accurate measurements are based asivieadu partial reconstructions (such
as topological reconstruction of B decay vertex and detaation of its charge or reconstruction of
B — D™/t X). These techniques exploit the kinematics offered by~ colliders at energies around
the Z° peak, and also by hadron colliders, and the excellent ingckapabilities of the detectors. The
accuracy of the results fas; andB,, mesons, where the samples of candidates are larger, araeatechi
by systematics, including backgroundsquark fragmentation, branching fractions and modellihthe
detector response. In the caseBafand Ay, the uncertainty is still statistical dominated. Final rages
of the results obtained are given in Table 3.22 [262]. Theayes for theB) andB™ lifetimes include
also the recent very precise measurements by the B fac{@fi8% Fig. 3.16 gives the ratios of different
B hadron lifetimes, compared with theory predictions (dgekow bands). The achieved experimental
precision of the hadron lifetimes — from a fraction of petcena few percent — is quite remarkable.
The phenomenological interpretation of these results nmdeof exclusive lifetime ratios is discussed
extensively in Sec 5.6.

The longer lifetime of charged B mesons as compared to thealeanes has been established
at 5 level. TheBY andB! lifetimes are found to be equal within-a4% accuracy. The lifetimes of
b-baryons appear to be shorter than thosBpfmesons. Although this is in qualitative agreement with
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B Hadrons Lifetime [ps]

7(b) 1.573+ 0.007 (0.4%)
7(BY) 1.540+ 0.014 (0.9%)
7(BT) 1.6564 0.014 (0.8%)
7(BY) 1.461+ 0.057 (3.9%)

7(AD) 1.208+ 0.051 (4.2%)
7(Bf)/r(BY) = 1.073+0.014
7(BY)/r(BY) = 0.949+0.038
T(A9)/7(BY) = 0.798+ 0.052

7(bbaryon)/7(BY) = 0.784:+ 0.034

Table 3.22:Summary of B hadron lifetime results provided by the Lifetiforking Group [262].

1(B)/(BY H 1.073:0.014

1(BY/t(BY) }_,_{ 0.949:0.038

0.798:0.052

(b baryon) H 0.784t0.034
/T(BO) 1 1 1 | 1 | L 1 | 1 1 1 | 1 1 1

0.7 0.8 0.9 1 11 1.2

lifetime ratio

Fig. 3.16:Ratios of exclusive B hadrons lifetimes [262], comparedhwit theoretical predictions given in Secs. 5.1. and 5.6.

and shown by the dark yellow bands.
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expectations, the magnitude of the lifetime ratio of bedaiyyons to mesons has been the subject of
intense scrutiny, both by experiments and theorists, iwéa possible discrepancy. Indeed, recent
calculations of higher order terms have improved the ageeg¢raf b baryon lifetime predictions with
the present experimental results. The most precise detatioms of theh baryon lifetimes come from
two classes of partially reconstructed decays. The firstah&$ baryon exclusively reconstructed in
association with a lepton of opposite charge. The secons m&ge inclusive final states, where the
enrichment in beauty baryons is obtained by requiring aoprar aA° to be tagged together with a
lepton in the decay. These measurements are affected bytaintes related to thd, polarization and

to poorly known beauty baryon fragmentation functions amchy properties.

Accessing the lifetime difference&I’; offers also an independent possibility of constraining the
CKM unitarity triangle. This quantity is sensitive to a coimdtion of CKM parameters very similar to
the one entering\ M (see Eq. (162) below), and an upper bounddry, translates in a upper bound on
AM,. With future accurate determinations, this method carefoee provide, in conjunction with the
determination ofA M, an extra constraint on theand? parameters.

In the Standard Model the width differen¢AI'/T") of By mesons is expected to be rather large
and within the reach of experiment in the near future. Reegperimental studies already provide
an interesting bound on this quantity as will be detailed ét.%5.5. On the other hand, the two mass
eigenstates of the neutr); system have in the SM only slightly different lifetimes. $ls because the
difference in the lifetimes is CKM-suppressed with resgedhat in theB, system. A rough estimate
leads toqe ~ 45= - A2 & 0.5% , whereAT /T, ~ 15% [264,265].

5.1. Theoretical description of the width difference ofB; mesons

The starting point in the study of beauty hadron lifetimabésconstruction of the effective weak Hamil-
tonian for theA B = 1 transitions, which is obtained after integrating out thavyedegrees of freedom
of the W and Z°-bosons and of the top quark.

Neglecting the Cabibbo suppressed contributiom et « transitions and terms proportional to
|Vial/|Vis| (~ A) in the penguin sector, th& B = 1 effective Hamiltonian can be written as (cf. Eq. (26)
of Chapter 1)

G
HEP~! = 7;% 3 Ciw)Q; + hec. (152)

The explicit expressions for the various operators can badce.g. in [266]. The Wilson coefficients
C;(p) in the effective Hamiltonian contain the information abtiu¢ physics at short distances (large
energies) and are obtained by matching the full (Standardeéij@nd the effective theoryH3=") at
the scaleu ~ My, . This matching, as well as the evolution fraly to the typical scale. ~ my, are
known at the next-to-leading order (NLO) in perturbatioadty [266].

Through the optical theorem, the width differenceBRf mesons can be related to the absorptive
part of the forward scattering amplitude

1 _
AT, = ———Im(B,|T|B,), (153)
Mg,
where the transition operatdr is written as
T—i[daT (K @S 0) (154)

in terms of theA B = 1 effective Hamiltonian.

Because of the large mass of theuark, it is possible to construct an OPE for the transition
operator?, which results in a sum of local operators of increasing disien. The contributions of higher
dimensional operators are suppressed by higher powereétdhark mass. In the case of the width
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series inl/ms, each coefficient being the sum of locaB = 2 operators.

difference(AT/T) g,, the leading term in the expansion is parametrically of pider? (Aqcp /7).
The result of this second OPE, which is illustrated in Fid.73reads

2 2
Gymj,

Alg, = —£7b
B ™ 127 Mg,

ViVl { G (1) (BulO1 (1) B) + Gau) (B O2(4)[B) + 1, | . (155)
where theA B = 2 operators on the r.h.s. are

O1 = byu(1 —75)s byu(l — 7s5)s,
O2 = b(1 —75)s b(1 — 75)s, (156)

where a sum over repeated colour indiceg)is understoody, /,,,, contains the /m;, correction [267].
Contributions proportional td/m; (n > 2) are neglected. The short distance physics effects (abeve t
scaley) are now encoded in the coefficient functiofis »(«) which are combinations of thAB = 1
Wilson coefficients.

The NLO corrections to the coefficients; » have been computed in Ref. [264]. They are large
(~ 35%) and their inclusion is important. The long distance QCDaiwits is described in Eq. (155) by
the matrix elements of the local operatéis andO,, which are parametrized as

, , Fe, M3\’
(B,[01 (1)[B,) = 5 FR MR B (1), <&wmmaw>§<gﬁ%gimﬁ<&wx(wn

where theB-parameters are equal to unity in the vacuum saturationoappation (VSA). To mea-
sure the deviations from the VSA one should also include thefactorizable (non-perturbative) QCD
effects. For such a computation a suitable framework isigealby the lattice QCD simulations. In
principle, the lattice QCD approach allows the fully nomtpebative estimate of the hadronic quantities
to an arbitrary accuracy. In practice, however, severala@mations need to be made which, besides the
statistical, introduce also a systematic uncertainty énfthal results. The steady progress in increasing
the computational power, combined with various theoréfitgrovements, helps reducing ever more
systematic uncertainties. Various approximate treatsnehthe heavy quark on the lattice, and thus
various ways to compute the-parameters of Eq. (157), have been used:

e HQET: After discretizing the HQET lagrangian (to make it trad¢afor a lattice study), the matrix
elements of Eq. (157) were computed in Ref. [268], but onlthastatic limit (n, — o0).

e NRQCD: A step beyond the static limit has been made in Ref. [269krelthel /m,-corrections
to the NRQCD lagrangian have been included, as well as a fageof 1 /m;-corrections to the
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Fig. 3.18:The lattice determination dB, (m,) and B2 (ms) obtained in QCD with three heavy-light meseong are combined
with the static HQET resultmp — oo. The result of the linear extrapolation t/ Mg, is marked by the empty squares,

whereas the interpolation is denoted by the filled squares.

matrix elements of the four-fermion operators. It is impattto note, however, that discretization
errors associated with the light degrees of freedom carmodiuced by taking a continuum limit,
a — 0, since the NRQCD expansion requires~ 1/mg. Instead, these errors are reduced
by including higher and higher dimension operators whosdfictents are adjusted to improve
the discretization. Such a procedure is difficult to carry lmeyond terms 0O (a) and one must
therefore show that the residual discretization aha, power-correction effects are small at finite
a [270].

¢ Relativistic approachin Ref. [271], the matrix elements were computed by usin@ és)-improved
action in the region of masses close to the charm quark ancetiteapolated to the-quark sector
by using the heavy quark scaling laws. However, this extedjpm can be significant and dis-
cretization errors will be amplified to varying degrees de&feg on the quantity studied, if it is
performed before a continuum limit is taken. A discussionhig amplification in the context of
neutral B meson mixing can be found in [272].

As of now, none of the above approaches is accurate enoudh own and all of them should be
used to check the consistency of the obtained results.

A more accurate determination of ttig-parameters relevant fdiAT'/T") 5, has been recently
obtained in Ref. [273]. To reduce the systematics of the hgaark extrapolation, the results obtained
in the static limit of the HQET [268] were combined with thaseRef. [271], where lattice QCD is
employed for three mesons of masses in the region,@hBsons. As a result, one actuatlyerpolatesto
the mass of the Bmeson. This interpolation is shown in Fig. 3.18. The rasglvalues from Ref. [273],
in the MS(NDR) scheme of Ref. [264], are

B1 (mb) = 0.87(2)(5) N Bg(mb) = 0.84(2)(4) s (158)

where the first errors are statistical and the second inaladeus sources of systematics. An important
remark is that the above results are obtained in the queragi@dximation ¢ ; = 0), and the systematic
error due to quenching could not be estimated. The effedimfriclusion of the dynamical quarks has
been studied within the NRQCD approach. The authors of Réfl][conclude that th&-parameters are
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Fig. 3.19:Results of the JLQCD collaboration [274], showing that tfileets of quenching are negligible.

essentially insensitive to the change fram = 0 to ny = 2 (see Fig. 3.19). From their (high statistics)
unguenched simulation, they quote

Bi(myp) (n,=2) = 0.83(3)(8) , Ba(mp) (n,=2) = 0.84(6)(8) ,
Bl(mb)(nfzo) = 086(2)(5) ’ B2(mb)(nf=0) = 085(1)(5) ) (159)

where, for comparison, we also display their most receniltesbtained in the quenched approxima-
tion [275]. The results of the two lattice approaches (Efjs8) and (159)) are in good agreement.

The theoretical estimate ¢fAT'/T")g, is obtained by combining the lattice calculations of the
matrix elements with the Wilson coefficients. To that pusptwgo different formulas have been proposed
which are both derived from Eq. (155):

¢ In Ref. [264] the width difference has been normalized byaishe s.I. branching ratiB R(B; —
X{vy) which is experimentally determined. In this way one obtairesexpression

2
(g) _ 1287 BgR(Bd_)XKW)“/csPF]%\MBSM, (160)
I' /g, 3my gsL, MQCeD ¢
where
5 M3 .
M = G1(2)Br(my) + = 5 5Ga(2)Ba(myp) + 01/, 5 (161)

8 (myp(myp) +ms(my))

with z = m2/m, and the phase space fact@, = F(z) andngcp = 1 — 32 f(z) are given in
Sec. 2.4.
e Alternatively, one can use the measured mass differenteBtneutral meson system to write [271]:

(85) - o
r/)p, 3 M3

‘/;b‘/;s
ViaViy

nB(my)So(x)

2
<7_BSAMBd

where¢ is defined ag = (Fg,\/Bg.)/(fB,\/Bs,), andSy(z;) is defined in Sec. 1.1. of Chap-
ter 4.

From the point of view of the hadronic parameters, the adgmbf the second formula is that it is
expressed in terms of the ratjoin the evaluation of which many systematic uncertaintiethe lattice
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calculations cancel. The estimategtowever, is affected by an uncertainty due to the chiraiagxi-
lation, which comes from the fact that in present latticecgktion it is not possible to simulate directly
quark masses smaller thanm/2. Therefore an extrapolation to the physidafjuark mass is neces-
sary. The first formula, instead, is expressed in terms ofldway constanti, whose determination
does not require a chiral extrapolation. However, othetesgatic uncertainties may be important in
this case such as those coming from the value of the absaitigel scale (inverse lattice spacing), the
renormalization of the axial current angm,-corrections.

In the numerical analysis, to derive a prediction f&T"/T") 5., we use the values of parameters
listed in Table 3.23. Notice that in the error fothe uncertainty due to the chiral extrapolation is quoted
separately (second error).

Parameter Value and error || Parameter Value and error
as(mp) 0.22 my 165 £+ 5 GeV
My 80.41 GeV my 4.26 + 0.09 GeV
Mg, 5.28 GeV me/mp 0.28 4+ 0.02
Mg, 5.37 GeV ms 105 =+ 25 MeV
B, 1.461 £0.057ps || np(my) 0.85 = 0.02
Vs | 0.0395 =+ 0.0017 Fg, 238 + 31 MeV
[Vis| 0.0386 £ 0.0013 & 1.24 +0.03 £+ 0.06
|Ves] 0.9756 + 0.0005 Bi(my) 0.86 + 0.06
[Vid| 0.0080 = 0.0005 By (my) 0.84 4+ 0.05
AMg, 0.503 % 0.006 ps—* G(2) 0.030 £ 0.007
BR(By — X)) 10.6 + 0.3% Gs(2) 0.88 £ 0.14

Table 3.23:Average and errors of the main parameters used in the nualesitalysis. When the error is negligible it has

been omitted. The heavy-quark masses, (m, andm.) are theMS masses renormalized at their own values, e1g. =

W( MS MS(

my™S (m}*S). The strange quark masgys = mY*° (u = 2 GeV), is renormalized ifMS at the scaleu = 2 GeV. The value for

Fg_ and¢ are taken from Ref. [217].

The value of theb-quark mass deserves a more detailed discussion. bg@e mass, which
corresponds at the NNLO to the S massm,, = 4.26 GeV quoted in Table 3.23, 'mi’oze = 4.86 GeV.
Since the formulae fofAT'/T") 5, have been derived only at the NLO, however, it may be questien
whether to usen!”' = 4.86 GeV orm?”" = 4.64 GeV, corresponding tey, ~ 4.26 GeV at the NLO.
That difference is very important for the value (ﬁf/m which, computed in the VSA, varies between
—0.4 and—0.6. In addition, a first principle non-perturbative estimatéshe matrix elements entering
the quantitySl/m is still lacking. For this reason we include30% of uncertainty in the estimate 6f/m
stemming from the use of the VSA. We finally obtain the predic:

T = (8.5+2.8) x 1072, T = (9.0£2.8) x 1072,

Eq. (160) Eq. (162)
(E) (E) (163)

Bs Bs

In Fig. 3.20 we show the corresponding probability distiidnu functions (pdf).

We see that the results obtained with the two formulas ar®@ad @greement. From the pdfs we
observe thatAT'/T") 5, can span a very large range of values, say between 0.03 amdlifeltheoretical
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Fig. 3.20: Probability density function (pdf) fofAT'/T") g, using the formulas 160 and 162. The pdf corresponding to the

s

smaller value is the one obtained with Eq. (160).

uncertainty on this quantity is large. The main source ofeutainty, besides the assumption of local
quark-hadron duality, comes from tHem, corrections parameterized lﬁy/m. That uncertainty is
enhanced by a rather large cancellation between the leadimgbutions (first two terms of Eq. (161))
and it is very difficult to reduce, since it would require tremrperturbative estimate of many dimension-
7, AB = 2, operators. Such a calculation is very challenging and mpiastably beyond the present
capability of the lattice QCD approach. Given the preseabtétical uncertainty ofAT'/T)p, it is
unlikely that signals of physics beyond the Standard Mod&y ilme detected from the measurement of
this quantity.

5.2. Width difference of B4 mesons

The phenomenology oAI'; has been mostly neglected so far, in contrast to the lifetiifierence in
the B, system, because the present data fall so short of the needechey. However, in the prospect
of experiments with high time resolution and large statsstits study will become relevant. In fact, it
may affect a precise determination of the CKM phgseand it also provides several opportunities for
detecting New Physics.

The width differenceAl’;/T'; has been estimated in [276] including thén, contribution and

part of the NLO QCD corrections. Adding the latter correctialecreases the value &f";/T"; com-
puted at the leading order by a factor of alm®sT his yields

ATy/Ty = (2.6118) x 1073, (164)
Using another expansion of the partial NLO QCD correctiomgppsed in [277], one gets
ATy/Tq = (3.0199) x 1073, (165)

where preliminary values for the bag factors from the JLQ®@Daboration [278] are used. The con-
tributions to the error (in units af0—3) are+0.1 each from the uncertainties in the values of the CKM
parameters and the parametgr= (AM,/T")4, £0.5 each from the bag parameters and the mass of the
b quark,£0.3 from the assumption of naive factorization made for tfie:, matrix elements, ané_i(l):g

from the scale dependence. The error due to the missing farthe NLO contribution is estimated to
be+0.8 in the calculation of Eq. (164). Although it is reduced in ttadculation of Eq. (165), a complete
NLO calculation is definitely desirable for a more relialdsult.
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5.3. Relation betweersin(23) and ATy
The time-dependent CP asymmetry measured through the piated’ modeB,; — J/yKg is

I'[By(t) — J/YKs] — T[By(t) — J/Ks]
[[By(t) — J/¢Ks] + T[Ba(t) — J/9Ks]

Acp = ~ sin(AMgt) sin(203) , (166)
which is valid when the lifetime difference, the direct CPlation, and the mixing in the neutral K
mesons are neglected. As the accuracy of this measurencesa$es, the corrections due to these factors
will need to be taken into account. Using the effective patame that absorbs several small effects and
uncertainties, including penguin contributions (see [2@6a precise definition), and keeping only linear
terms in that effective parameter, the asymmetry becomes

ADlgt

Acp = sin(AMyt)sin(20) [1 — sinh < > COS(Qﬁ)} (167)

+2Re(€) [—1 + sin?(20) sin?(AMgyt) — cos(AMdt)}
+2Im(€) cos(23) sin(AMgyt) .

The first term represents the standard approximation of @) (together with the correction due to the
lifetime differenceAT’;. The other terms include corrections due to CP violatioheB—B and K-K
mixings.

Future experiments aim to measutavith an accuracy of 0.005 [279]. The corrections du€ to
andAT'; will become a large fraction of the systematic error. Threecan be reduced by a simultane-
ous fit ofsin(253), AI'y ande. The BaBar Collaboration gives a bound on the coefficierbefA M t)
in Eq. (168), where other correction terms are neglecte@][28/hen measurements will become ac-
curate enough to really constrain thes(AM,t) term, all the other terms in Eq. (168) would also be
measurable. In this case, the complete expressiodfor needs to be used.

5.4. New Physics signals
The lifetime difference in neutrd mesons can be written in the form

ATy = —2|T'y1]4cos(04 — ®y) (168)

where©, = Arg(I's1)q, @4 = Arg(Ma1)y, andg € {d, s} (see Sec. 1.2.). In thB, system, the new
physics effects can only decrease the valu&bf, with respect to the SM [281]. In thB; system, an
upper bound forAI'; can be given, depending on the additional assumption oéthemeration CKM
unitarity:

AT 4(SM)
ATy <
4= cos[Arg(1 +6f)] ’
whered f depends on hadronic matrix elements. The bound in Eq. (1&9pe calculated up to higher
order corrections. In [276]Arg(1 + df)| < 0.6, so thatAT'y < 1.2 AT'4(SM). A violation of this
bound would indicate a violation of the unitarity 8fx 3 CKM matrix. A complete NLO calculation
would provide a stronger bound.

The ratio of two effective lifetimes can be used to measwe@|thantityAl gy = cos(23)Aly /Ty
(see Sec. 5.5.3.). In the presence of new physics, thisiguanin fact (see Eg. (168))

(169)

AT gpsa) = —2(|T'21]a/T'q) cos(®g) cos(O4 — Pq), (170)
where in the Standard Model

AT 5ps(q) (SM) = 2(|T'21]a/T'a) cos(2) cos[Arg(1 + 5 f)] (171)
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is predicted to be positive. New physics is not expected feca®,, but it may affect®,; in such a
way thatcos(®4) cos(©4 — ®4) changes sign. A negative sign Afl" .4 would therefore be a clear
signal for New Physics. The time-dependent asymmetry inKg (or J/¢¥ K1) measuresdcp =
— sin(AMgt) sin(®4), where®,; = —24 in the SM. The measurement sifa(P,) still allows for a
discrete ambiguityp, «— 7 — ®,4. If ©, can be determined independently of the mixing in Bye
system, then the measurementdf ;4 will in principle resolve the discrete ambiguity.

In conclusion, the measurementAf"; and related quantities should become possible in a near
future, providing further important informations on the/flar sector of the SM.

5.5. Experimental review and future prospects forAT' measurements

The width differenceAl's = ',y — I'snore CaN be extracted from lifetime measurements pfiecays.

A first method is based on a double exponential lifetime fitaimples of events containing mixtures of
CP eigenstates, like s.I. @s-hadronB; decays. A second approach consists in isolating samples of
a single CP eigenstate, suchldas — J/1¢. The former method has a quadratic sensitivityAB,
whereas the latter has a linear dependence and suffers frootla reduced statistics. A third method
has been also proposed [299] and consists in measuringdhelng fractioB; — DE*HD?)_. More
details on the different analyses performed are given itfidth@wving.

L3 [300] and DELPHI [301] use inclusively reconstructBd andB; — Dglv X events respec-
tively. If those sample are fitted assuming a single expaaldifetime, then, assuming== is small, the
measured lifetime is given by:

AT, )2
Thinet. = Pi”_ (135?)2 (incl.By) 5 Thgemi = ;TE;} (B, — DylvX) (172)

The single lifetime fit is thus more sensitive to the effect\df in the s.l. case than in the fully inclusive
one. The same method is used for fBgworld average lifetime (recomputed without the DELPHI
measurement [302]) obtained by using only the s.I. decalys.tdchnique of reconstructing only decays
at defined CP has been exploited by ALEPH, DELPHI and CDF. AHLEB9], reconstructs the decay
By — D( )JFD(’k — ¢¢X which is predominantly CP even. The proper time dependefteed’
component is a simple exponential and the lifetime is rdl&e\I’; via

Al =2 (i L 1) . (173)

FS FS Tthort

Another method consists in using the branching fractbR{B; — Dé*HDg*)_). Under several theo-
retical assumptions [303]

AT
r(1+aE)

This is the only constraint oﬁ‘L which does not rely on the measurement of tH§H3) lifetime.
DELPHI [304] uses a sample dif — Dg — hadron, which is expected to have an increased CP-even
component as the contribution duel])é +D§*) events is enhanced by selection criteria. CDF [305]
reconstruct®; — J/v¢ with J/¢» — p*tu~ and¢ — KK~ where the CP even component is equal to
0.8440.16 obtained by combining CLEO [306] measurement of CP evetifrain Bq — J/¢K*° and
possibleSU(3) symmetry correction. The results, summarized in Table,3a24 combined following
the procedure described in [307]. The log-likelihood offeameasurement are summed and normalized
with respect to its minimum. Two measurements are excluded the average for different reasons:

BR(B, — DWHDM—) = (174)
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Experiment B, decays AT /T
DELPHI Bs — DilvX < 0.47
Other s.1. B, — D lvX < 0.31
ALEPH B, — ¢¢X 0.43705%
ALEPH (BR method)| By — ¢¢X 0.2615:30
DELPHI By — Dy — hadron < 0.70
CDF By — J/v¢ 0.3615:99

Table 3.24:Summary of the available measurementg\dn, /T"; used to calculate the limit.

n 1 n 1
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) L ~ L
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Fig. 3.21:65%, 95% and 99% C. L. contours of negative Fig. 3.22: Same as Fig. 3.21 with the constraint
log-likelihood in therg,, AT /T, plane. 1/Ts = 7B,.

e L3 inclusive analysis: the likelihood is not available abhdannot be reconstructed from the nu-
merical result;

e ALEPH branching ratio analysis: the theoretical assummgtim Eqg. (174) are controversial and
the systematic error due to these assumptions has not biéeatesl.

The65%, 95% and99% confidence level contours are shown in Fig. 3.21. The result i

AT /T = 0.161513
AT,/Ts < 0.54 at95% C.L.

In order to improve the limit the constraihfI's = 7, can be imposed. This is well motivated theoreti-
cally, as the total widths of thBY and theBY mesons are expected to be equal within less than 1% (see
Fig. 3.16) and thalAI'p,, is expected to be small. It results in:

AT, /T, = 0.0775:59
AT, /T < 0.29 at95% C.L.

The relative confidence level contours plot is shown in Fig23
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5.5.1. Prospects for Tevatron experiments

CDF measured thB; — J/4 ¢ lifetime [308] and polarization [309] separately. In theuie the idea
is to combine these two measurements by fitting both therfileand the transversity angleThe use
of the transversity allows to separate the CP even from thedePcomponent. A study has been per-
formed, by assuming similar performances as those achehweag Run | (mass resolution, background
fractions, etc.) and improved proper time resolutidg gm). With an integrated luminosity of 2 fd,
corresponding to about 4000 events, an accuracxBryT', of 5% could be reached Using the same
integrated luminosity and the impact parameter triggeO[3CDF could expect to reconstruct 2500
Bs — DID; events, with a signal-to-noise ratio of 1:1.5. Using thispke the lifetime of the short
component can be measured with an error of 0.044 ps, whichsmonds t@ (AT';/T's) = 0.06. The
D7 andD,37 decays could be also used. Those events are flavour-sp#uifichey correspond to well
defined mixtures oBs""* andBl°"9. By using~ 75,000 eventsl /T’ can be measured with an error of
0.007 ps. Combining together the flavour specific measureamehtheD D, analysis, CDF can reach
an erroro (AT's/T's) = 0.04.

D@ has based its studies of Bfetime difference measurements on its strong dimuorgérgand
the extensive coverage of the calorimeter and the muontdetdicis expected that approximately 7000
Bs — J/1 ¢ events will be reconstructed with an integrated luminosft? fo—!. The sensitivity of the
measurements depends on two parameters: (a) the fractiba 6P-even component of thigqy ¢ final
staté, and (b) the CP-violating phasein the mixing of the B systemi. The methods discussed here
invoke utilization of CP eigenstates, therefore an angutalysis is needed to disentangle the admixture
of CP-even and CP-odd contributions.

The J/v4 ¢ channel can be exploited in two ways:

e by comparison of the CP-eigenstate lifetimes: the seiityifiv this measurement is proportional
to AT’y cos ¢ = AT'cp cos? ¢.

e by comparison of a CP-eigenstate lifetime to that of a “50-ddmixture,e.g: AT’y = 2 cos ¢ x
[D(BST even) — 1(BST 50-50)]. About 1000 events of the B— D, decay will be used for the
extraction ofl"(BST 20-50),

Additional decay channels may includeg B+ .J/¢n andJ/v n/ (both being CP-even states). Combining
all modes, D@ can achieve a measurement\dn /T's with precision betweem = 0.04 (CPuyen =
100%) ando = 0.07 (CPeyen = 50%)

BTEV studied theirAT,/T's reach in three different scenarios. Assuminbpaross section of
100 ub, the number of expected events, using 2'fbf integrated luminosity, are:

1. 91700B; — Dy
2. 1700B; — J/vn and 6400Bs — J/¢ 1/, wherergsnor: = 1/Tshort is measurable;

3. 41400B; — J/v ¢ where the lifetimes, = 1/T'%, is a mixture of d'¢"*"* and ar'om
components.

The analysis details are discussed in [277]. The resultstarenarised in Table 3.25, obtained under the
assumption thaAAI'y /T = 0.15.

*The transversity angle is defined as the angle betweenthend thez axis in the rest frame of thé/«, where the: axis

is orthogonal to the plane defined by thand K™ direction.

fIn this results itis assumed that the CR, fraction is0.77 +0.19. If CPeyen = 0.5(1), the error becomes (AT's/T's) =
0.08 (0.035).

#The CR..n fraction has been measured by CDF in Run-1:418)%.

$The CP-violating phase, defined by:» (B; — J/1 ¢) ~ sin ¢, is expected to be small in the Standard Model.
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Decay Modes Used Error onAT s /T
Integrated Luminosity in fb! 2 10 20
Dyn, J/yn!) 0.0273| 0.0135| 0.0081
Dgm, J/¢¢ 0.0349| 0.0158| 0.0082
Do, J /), J /e 0.0216| 0.0095 | 0.0067

Table 3.25:Projection for statistical error omAT', /T's which can be obtained by the BTeV experiment.

LHCb | ATLAS | CMS
Loy /AT 1 ga% | 11.3% | 7.5%
o(ALs F <) | 0013| 0017 |0.011
a(Ts)/Ts 0.6% | 0.7% | 0.5%
(A/A; | 0.7% | 0.8% | 0.6%
o(AL)/AL 2% 3% 2%
¢s (xs =20) | 0.02 | 0.03 | 0.014
s (xs =40) | 0.03 | 0.05 | 0.03

(5

Table 3.26:Expected statistical uncertainties @f — J/1¢ parameters for each experiment under the assumptions pre-

sented in the text. The vahﬁ}:—s = 0.15 is used as input to the fit.

5.5.2. Prospects for LHC experiments

The LHC experiments have investigated the measuremenfgf in the exclusiveB? — J/1¢ decay
following the studies done in [312]. In these analys&$, andI’; are fitted simultaneously with the
weak phaseys = arg(V.iVa/VesV,;,) and the two helicity amplitude valuegl| and A, while the
mixing parametex, = Ams/l“ is assumed to be known and kept fixed. The results summarised i
Table 3.26 correspond to 3 (5) years running at a luminogity0d*cm —2s=1(2 - 1032cm=2s~1) for
ATLAS and CMS (LCHDb).

5.5.3. Measurement &T';/T;

In the case ofAT';/T"y, the time resolution is no longer a limiting factor in the a@xy of lifetime mea-
surements. At present, the only experimental limit comesfDELPHI [311], which has been obtained
by fitting a sample of inclusive B decays to determine the nl#ssrenceA M, without neglecting the
ATy term. At90% C.L. AT;/Ty; < 0.20. Given the large number d8,; produced at LHC and the
proposed super B factories, it should be possible to measlgl'; ~ 0.5% . Using the time evolution
of a single final state, however, is not sufficient as the tineasarements of the decay of an untagged
By to a single final state can only be sensitive to quadraticgenm\I’;/T";, [276]. This problem can be
circumvented by combining the information from two diffetelecay modes or by using angular distri-
butions. It is then possible to have observables linealily /T";, which can provideAT';/T'; ~ 0.5% .
A viable option, perhaps the most efficient among those i8], 4% to compare the measurements of the
average untagged lifetimed the s.l. decay modes;, and of the CP-specific decay modesp,. The
ratio between the two lifetimes is

TSI cos(20) ATy

=1+
TCP+ 2 'y

+0[(Ary/Ta)? (175)
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The measurement of these two lifetimes will give a valugrf,;|, since|cos(23)| will already be
known with good accuracy by that time.

The LHC expects about x 10° events of.J/yKg per year, whereas the number of s.|. decays
at LHCb alone that will be directly useful in the lifetime nsemements is expected to exced per
year. The s.l. data sample may be further increased by imgjugklf-tagging decay modes, such as
DD,

At hadronic machines, thB,; /B, production asymmetry may be a stumbling block for the deter-
mination of the average untagged lifetimes. This drawbadbviously absent at the B factories. There,
the most promising approach is to constraifl;/T"; by usingY (4S) events where one B meson is fully
reconstructed in a CP-specific decay mode, and the decalqgfdire second B meson is reconstructed
using an inclusive technique that relies predominantly .bnasd other self-tagging modes. For these
events, only theigneddifference of proper decay-timeAt = tcp — tiag, I.€. NOt the decay times them-
selves, can be inferred since the production point cannoétenstructed. The average valueXof is
given by

(At) = ncp cos(20) TBd%

d

wherencp denotes the CP eigenvalue of the CP-specific final state demesi. The BaBar potential
has been studied usinfyy Ks and similar charmonium final states. The expected statlgpiecision
on AT'y;/T'y is determined using the B reconstruction efficiencies aedettperimentalA¢ resolution
determined from BaBar’s first data. From extrapolationsedasn published BaBar measurements of
7B, andsin(23), the precision onrg, andcos(2(3) is expected to improve at the same time as the
precision on(At), and to remain good enough to turn thAt¢) measurement into an evaluation of
AT'y/T4. Using7g, = 1.55 ps,sin(268) = 0.6 and 30 fo'! of data one getss (AT'y/T'y) = 0.073.
Using 300 fbr! of datac (AT'y/T4) = 0.023 is expected, and for 500 f8 o (ATy/T'y) = 0.018.
At super B factories, 50 a} of data may be obtained. A statistical precision at@f%% level could
be achieved. Strategies to reduce the systematic undertato this level have not yet been studied in
detail.

+ O [(Arg/Ta)?] (176)

5.6. Theoretical description ofb-hadron lifetimes and comparison with experiment

The same theoretical tools used to stuydyI'/T")z, in Sec. 5.1. can also be applied to describe the
lifetime ratios of hadrons containingbaquark, such as(B,,)/7(By), 7(Bs)/7(Bg), 7(Ay) /7(Bg). The
leading contributions in the heavy quark expansion (HQE)rapresented, in the present case, by the
dimension-3 operatdib (O(1)) and the dimensioB-operatorbo,,, G**b (O(1/m?)). The first term in
the expansion reproduces the predictions of the naivekayectator model. At this order, the hadronic
decay is described in terms of the freguark decay, and the lifetime ratios of beauty hadrons tre a
predicted to be unity. The leading corrections(fi /m?), describe the soft interactions of the spectator
guark(s) inside the hadron, but give a small contributigr2¢s) to the lifetime ratios.

The large lifetime difference of beauty hadrons which haanbebserved experimentally can be
explained by considering hard spectator effects, thatapag?(1/m;j). Although suppressed by an
additional power ofl /m;, these effects are enhanced with respect to the leadingilmdigns by a
phase-space factor afin?, being2 — 2 processes instead of— 3 decays (see Fig. 3.23). As in the
case of the OPE fofAT'/T") s, , the starting point to describe the beauty hadron lifetirelse effective
AB = 1 weak Hamiltonian, which enter the transition operator

T=i / d'e T (HAP= (@) HAP=1(0) - (177)

From the forward matrix elements of this operator, and usirggoptical theorem, one computes the
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Fig. 3.23:Examples of LO contributions to the transition operafo(left) and to the corresponding local operator (right). The
crossed circles represent the insertions of th& = 1 effective Hamiltonian. The black squares represent thertizn of a

AB = 0 operator.

inclusive decay width of a hadral, containing & quark

[(Hy) = (Ho|T|Hp) . (178)

Mp,
The result of the HQE, in this case, is expressed in terms tixredements ofA B = 0 operators and it
is given by

GVl [ (o (HOlBBIH:) | (s) 95 (Holbo,n G*"blHy) 9672 <~ (o) (1[0 |Hy)
19273 2Mp, m? 2Mp, mp =% 2Mp, ’
(179)
where we have included all contributions ug61 /m?) and thosd /m; corrections which are enhanced
by the phase-space factoér2. The complete list of the dimension-6 operatdrg), which represent
the contribution of hard spectator effects, includes

['(Hy) =

=(bq)v-a(Gb)v_a, (2 9)s-p(qb)s+p, (180)

(93 = (bt"q)v_a (Gt"D)v—a, (94 (bt*q)s—p (qt*b)s+p,

with ¢ = u, d, s, ¢, and the penguin operator

Op = (bt")y Y (qtq)v. (181)

q:u7d787c

It is important to emphasize that the symbblandb in the operators (180,181) denote the heavy quark
field HQET. The reason is that renormalized operators, in Q@i® with operators of lower dimension,
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with coefficients proportional to powers of tlhequark mass. Therefore, the dimensional ordering of
the HQE, based on the assumption that contributions of hidineensional operators are suppressed by
increasing powers of thiequark mass, would be lost in this case. In order to implertteexpansion,
the matrix elements of the local operators should be cutb# scale smaller than tlequark mass,
which is naturally realized in the HQET. The HQE can be exgmdsin terms of QCD operators in
those cases in which, because of their specific quantum msnthese operators cannot mix with lower
lower dimensional operators. This is the case, for instaforehe leading contributions in the HQE of
(AT'/T") g, and of the lifetime ratia-(B,,)/7(Bg).

The Wilson coefficients® andc® in Eq. (179) have been computed at the LO in Ref. [282],
while the NLO corrections to®) have been evaluated in [92,283-285]. The NLO correctionS’tare
still unknown, but their impact on the lifetime ratio is exjped to be negligible. The coefficient functions
c,(f) of the current-current operators of dimension-6 have beempated at the LO in Refs. [286—288].

At this order the coefficient of the penguin opera&{fﬁ vanishes. The NLO correction nﬁf) for the
operatorsO} with ¢ = u,d has been recently completed in Refs. [289,290], and extetmle = s

in Ref. [289]. A complete list of these coefficients, caltathat NLO in the NDRMS scheme of
Ref. [291], is given in Table 3.27. The operators contairimgvalence charm quarl & cin Eq. (180))
are expected to give a negligible contribution to the noargted hadron decay rates. The calculation
of the NLO corrections to these coefficient functions, ad aglthe NLO calculation of the coefficient
function of the penguin operator, have not been performéd ye

q U

d

S

q +0.02
cr | —0.29%501
q —0.01
¢y | —0.025001

q +0.12

~0.03758)
003700}

~0.68758)

~0.03;38}
0.0415:09

—~0.583501

ef | 0053500 0685500 0.65000

Table 3.27:Wilson coefficients] (;.0) computed in the HQET, at NLO, at the scale = my. The coefficients also have
a residual dependence on the renormalization sgale®f the AB = 1 operators, which is a NNLO effect. The uncertainty
due to the variation of the scaje; is reflected in the error bars (central values are obtainedubing 1 = my, upper error
for w1 = ms/2 and the lower one fop; = 2msy). In the evaluation we taker./my = 0.28. All the coefficients remain

unchanged under the variation of. /m; = 0.28 + 0.02 except forcy, which changes by aboat%.

The matrix elements of dimension-3 and dimension-5 opesatppearing in Eq. (179), can be
expressed in terms of the HQET paramejeréH,) andu2 (H,) as

 pp(Hy) — p;(Hy)
2m§

(HylBb|Hy) = 2Mp, (1 +0<1/m2>>,

(Hylbgsop, GHbHy) = 2Mp, (24 (Hy) + O(1/my)) . (182)

Using these expansions in the lifetime ratio of two beautyrbas one finds
p2(Hp) —pz(HY) (1 29\ pg(Hy) — pg(Hp)
2m2 —\5t (3) 2
mj 2 c mj

@ ((H|O | Hy)
Z Ck,

- 1+

9672
B mg c®)

(183)

oY |1y
2Mp, ‘

2Myy
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From the heavy hadron spectroscopy one obtah&\,) — p2(B) ~ 0.01(3) GeV? and u2(A,) —
p2(B) ~ 0. Therefore the impact of the second term in the above forrisutmmpletely negligible.
On the other handu? (B,) = 3(M]_%,; — Mg )/4, which givesug(By,q) ~ 0.36 GeV?, 1g(B;) ~
0.38 GeV?, while u2 (A,) = 0. Therefore, only in the casg(A;)/7(Bg), the third term gives a contri-
bution that is visibly different from zero. By usin@/2 + 2¢(® /¢®)) = —1.10(4), we thus obtain

)

+
TBY) _po_naBt . TB) g aB o T

_ _AA
T(Bd) spec ? T(Bd) spec T(Bd) - 098(1) Aspec ) (184)

where theA: ' represent the /m; contributions of hard spectator effects (second line in(E83)).

The comparison of Eq. (184) with the experimental resulteigin Table 3.28 shows that without
inclusion of the spectator effects the experimental vabwesd not be explained.

Theory Prediction| World Average
e 1.06+0.02 1.073:0.014
7(Bs) 1.00+0.01 0.949+0.038
7(Ba)
7(As) 0.90+0.05 0.798£0.052
7(Ba)

Table 3.28:Comparison of theoretical expectations and experimemislits for the ratios of exclusive lifetimes.

Beside the coefficient functions presented in Table 3.2&,e$sential ingredients entering the
correctionsAs are the hadronic matrix elements. We follow [292] and patanee the B meson

spec

matrix elements as follows

2 2
(Bq|OY[Bg) _ T, Mpq q qq (ByOiIBy) _ F5, My (g qaq
2MBq - 2 (Bl +51 ) ’ ZMBq - 2 (El +53 ) ;
2 2
(Bq|O3Bqg) _ g, M, q qq (Bg|O1IBy) I, Mg, q qq
2]\/[Bq - q2 (B2 + 52 ) Y 2MBq - q2 (52 + 54 ) 3 (185)
! 2
(B4|lOf |By)  Fp,Mp,g 5q/q (By|Op|By)  FEiMp pa
ZMBq - 2 k ’ ZMBq - 2 .

where the parameter§/? are defined as th@fq' in the limit of degenerate quark masses,(= m).
For theA, baryon we define

q 2
WOUA _ FEMD (1, 4 50) for g = wd.

2My, 2
Ap|OYA FZM
{ b2|M3A| b) _ B2 B (L2+52Aq) for ¢ = u,d,
b
Ap|O9A FZM
{ 172’]%\’ b _ 32 B M for g = s,¢, (186)
b
Ay |OYA FZM
{ l’2|]\05\| b) _ B2 B i for q=s,c,
b
(M| Op|As) _ FEMp 4
2My, 2 '
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In addition, in the case of;, the following relation holds up tb/m;, corrections:
(Ap|OF|Ap) = =2 (Ap|O5|Ap),  (Ap|OF1A) = —2 (Ap|OF|A) . (187)

In Egs.(185) and (186)3: 2, L1,2 ande 2 are the “standard” bag parameters, introduced in Ref. [286]
Those parameters have already been computed in both tice €D and QCD sum rule approaches.
The parameter§, have been introduced in Ref. [292] to account for the cooedmg penguin contrac-
tions. A non-perturbative lattice calculation of theparameters is possible, in principle. However, the
difficult problem of subtractions of power-divergences pes/ented their calculation.

In terms of parameters introduced above, the spectatorilsotbns to the lifetime ratiog&g;ec,
are expressed in the form

F3
mgc(?’)

5
M=

ABT = 4872

(Clg _Ck:d) Blgv

e
I

1

m3c3)

ABS — 4 ZFEMB . SBS _ dBd U d 5ds_5dd
spec 8 B Z {T‘Ck, k C O, + (Ck: +Ck) (T k k )‘|‘
s
k

1
of (rogs = 6p) + o (rogs = 5¢)| +ep (rP* = PY)} . (188)
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wherer denotes the ratiQFésMBS /(F%Mg) and, in order to simplify the notation, we have defined
the vectors of parameters

B = {B€>Bg>5({75({}a
L ={L1,~L1/2,Ly,—L/2}, (189)
FM = (g0 _§hay9 §ha 5l /o)

An important result of Eqg. (188) is that, because of Hié(2) symmetry, the non-valenceés)
and penguin £s) contributions cancel out in the expressions of the fifetratior(B,,)/7(B4). Thus,
the theoretical prediction of this ratio is at present theshazcurate, since it depends only on the non-
perturbative parameters actually computed by curreritdattalculations. The prediction of the ratio
7(Ap)/7(Bg), instead, is affected by both the uncertainties on the gadi¢hes and P parameters, and
by the unknown expressions of the Wilson coefficieritandcp at the NLO. For the ratio(B;) /7(B)
the same uncertainties exist, although their effect is etageto be smaller, since the contributions of
non-valence and penguin operators cancel, in this cadee iimtit of exactSU (3) symmetry.

In the numerical analysis of the ratie$B;)/7(By) and7(A;)/7(Bg), we will neglect the non-
valence and penguin contributiorise( we set alld = P = 0). The non-valence contributions vanish in
the VSA, and present phenomenological estimates indibatetlie corresponding matrix elements are
suppressed, with respect to the valence contributionst ®ast one order of magnitude [293,294]. On
the other hand, the matrix elements of the penguin operatersot expected to be smaller than those of
the valence operators. Since the coefficient functipivanishes at the LO, this contribution is expected
to have the size of a typical NLO corrections. Thus, from athtical point of view, a quantitative
evaluation of the non-valence and penguin operator matments would be of the greatest interest to
improve the determination of theg lifetime.
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By neglecting the non valence and penguin contributiond usimg for the Wilson coefficients the
NLO results collected in Table 3.27, one obtains from Eq8]1Be following expressions

ABL = —0.06(2) Bf —0.010(3) BY +0.7(2) e — 0.18(5) 4 ,
ABs . = —0.010(2) Bf +0.011(3) B§ — 0.16(4) &5 + 0.18(5) 3

+0.008(2) B — 0.008(2) BY + 0.16(4) e{ — 0.16(4) €4 , (190)
Ab e = —0.08(2) Ly +0.33(8) Lo

+0.008(2) B{ — 0.008(2) BY + 0.16(4) e§ — 0.16(4) €4 ,

For the charm and bottom quark masses, and the B meson detstgtts we have used the central values
and errors given in Table 3.29. The strong coupling constasibeen fixed at the valug(m ) = 0.118.

The parameter® in Eq. (188) is a function of the ratie»?/m?, and such a dependence has been
consistently taken into account in the numerical analysisia the estimates of the errors. For the range
of masses given in Table 3.293) varies in the intervat(®) = 3.4 + 4.2 [285].

B{=1240.2 B =1.040.2
B$=0.9+0.1 B3 =0.840.1
£$=0.04 £0.01 €5 =0.03 £0.01
£3=0.04 £0.01 £5=0.03 £0.01
Li=-0240.1 Ly=0.240.1
my=4.8+0.1GeV  my —m, =3.40 £ 0.06 GeV
Fp =200 £ 25 MeV Fg,/Fp =1.16 +0.04

Table 3.29:Central values and standard deviations of the input paramsetised in the numerical analysis. The valueswpf

andm,.. refer to the pole mass definitions of these quantities.

As discussed before, for the ratigB,,) /7(B;) the HQE can be also expressed in terms of oper-
ators defined in QCD. The corresponding coefficient funstioan be evaluated by using the matching
between QCD and HQET computed, at the NLO, in Ref. [292]. imWay, one obtains the expression

AB = —0.05(1) B¢ —0.007(2) B 4 0.7(2) &} — 0.15(4) &2 (191)

spec
where theB ands parameters are now defined in terms of matrix elements of Q@ibators.

The errors quoted on the coefficients in Eq. (190) are styormyirelated, since they originate from
the theoretical uncertainties on the same set of input paters For this reason, in order to evaluate
the lifetime ratios, we have performed a Bayesian statisanalysis by implementing a short Monte
Carlo calculation. The input parameters have been extraetid flat distributions, assuming as central
values and standard deviations the values given in Tab 3The results for theé3-parameters are
based on the lattice determinations of Refs. [295,287We have included in the errors an estimate
of the uncertainties not taken into account in the origireggbgrs. The QCD results for the B meson
B-parameters of Ref. [297] have been converted to HQET at th@ [292]l. The contributions of all
the o and P parameters have been neglected. In this way we obtain tHeNir@ predictions for the

TFor recent estimates of these matrix elements based on Q@Dues, see Refs. [298].
Ilwith respect to [292], we use for the B mesBrparameters the results updated in [297].
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Fig. 3.24: Theoretical (histogram) vs experimental (solid line) disitions of lifetime ratios. The theoretical predictioase

shown at the LO (left) and NLO (right).

lifetimes ratios summarised in Table 3.28. The centralesnd uncertainties correspond to the average
and the standard deviation of the theoretical distribati@hown in Fig. 3.24, together with those from
the experimental determinations. The uncertainty comiagnfthe residual scale dependence represents
less than 20% of the quoted errors.

With the inclusion of the NLO corrections, the theoreticaddiction for the ratior(B,,)/7(Bg) is
in good agreement with the experimental measurement, afsmarised in Table 3.28. The agreement is
also good for the ratia(B;)/7(Bg), with the difference between theoretical predictions atmbemen-
tal determinations belovo. A possible mismatch between the predicted and measuradsvébr the
ratio 7(Ap)/7(Bg) has been much debated in past years. Interpretation in @frendreakdown of the
HQE framework and the appearance of a signal of quark-hatirality violation have been claimed. The
inclusion of higher order terms seems to reestablish a ctnilig between predictions of the beauty
baryon lifetime with the present experimental determoregi However, this issue will require further
scrutiny in view of new, more precise results expected frommTevatron Run Il and from the fact that
the theoretical predictions are less accurate in this isee a reliable estimate of the contribution of
the non-valence and penguin operators are not yet available
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5.7. Future prospects forb-hadron lifetime measurements

The B factories are now providing new, accurate deternonatbdf the lifetimes of th8) andB™ meson,
which could decrease the relative error on to (0.4-0.5)%suRe from the Tevatron Run Il are eagerly
expected, since will provide precise measurements dBthend A, lifetimes and also results for t®,,

), and theB,. beauty hadrons. Further improvements are then expectectifre LHC experiments, with
special regard tB? and baryon lifetimes.

CDF evaluated the lifetimes measurement capabilitiesoétkpg separately the leptonic and the
hadronic decay channels. The leptonic decays consideeeondy to.J/¢) — ppu, this means exclusive
decays. The uncertainties shown in Table 3.30 are onl\sstati and are obtained by scaling by a factor
50 the Run | measurements. The systematic uncertainty isctegb to be the same order as that for
the Run | analyses, at the level bf.. Since in Run | there were no measurements based on hadronic
decays, the Run Il estimations had to be based on Monte Ganldations. The major interest is in
measuring thé, andA, lifetime and the expected statistical errors are quotedlrer3.30. With these
measurements tte,/BP lifetime ratio to will have an uncertainty ef 0.5%, which is of the same order
of the predicted deviation from unity\, baryons, reconstructed in tie.r, pD%r, pr andpK decay
channels, will allow a stringent test for the theoreticadgictions of the lifetime ratio o\, to B? if the
signal to noise ratio of 1 can be obtained.

o(cr) Jer B* BY BY Ay

s

Run Il leptonic triggers| 0.6% | 0.6% | 2% | 3%

Run Il hadronic trigger 0.5% | 0.8%

Table 3.30:CDF lifetime statistical error projections with leptonicd hadronic triggers for 2 fb1 of data. The systematic

uncertainty is expected to be at the level &.

The D@ experiment has concentrated its studies on the piajdor theA,; lifetime measurement.
The preferred decay ig/yA° with J/v» — pp and A° — pr—. In 2 fb~! the expected number of
reconstructed events is of order of 15,000, correspondirggrélative lifetime accuracy of 9%.

At LHC, lifetime measurements of different B hadron speeilsbe based on even larger statis-
tics, collected in individual exclusive channels. ATLASEB314] has performed a simulation for study-
ing the statistical precision on m@ lifetime using theA% — AY J/+y decay channel. In three years
of running at1033em=2s~! luminosity, 75000\ — A° J/¢ signal decays can be reconstructed (with
1500 background events, mosfly:/ paired to a primany\® ). Considering a proper time resolution of
0.073 ps, the estimated relative uncertainty onAfjdifetime is 0.3%.
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Chapter 4

CKM ELEMENTS FROM
K AND B MESON MIXING

Conveners : J.M. Flynn, M. Paulini, S. Willocq.

Contributors: D. Abbaneo, C. Bozzi, A.J. Buras, R. FortyGRpta, R. Hawkings, A. Hoecker, M. Jamin,
P. Kluit, A. Kronfeld, V. Lacker, F. Le Diberder, L. Lelloucl. Leonidopoulos, D. Lin, V. Lubicz,
H.G. Moser, U. Nierste, J. Ocariz, F. Parodi, C. Paus, P. Rmau Y. Sakai, O. Schneider, A. Stocchi,
C. Weiser, N. Yamada.

1. Basic formulae for particle—antiparticle mixing

1.1. K sector: basic formula fore i

In the KO — K° system, to lowest order in electroweak interactidhS = 2 transitions are induced
through the box diagrams of Fig. 4.1. Including leading aextt+to-leading QCD corrections in renor-
malization group improved perturbation theory the efiectiamiltonian for theA S = 2 transitions for
scalesu < pu. = O(m.) is given by

_ G?
Hat =2 = F;‘QM\%V [)‘377150(%) + A n2So () + 2)\0)\t77350(x0awt)} X
(3)
—2/9

xPﬁkm}/ P+azg”hLmAszm+h@ 1)
where)\; = ViV, af’) is the strong coupling constant in an effective three flatbaory andJ; =
307/162 = 1.895 in the NDR scheme [1]. In (1), the relevant operator

Q(AS =2) = (57u(1 — 75)d)(57"(1 — 75)d), )

is multiplied by the corresponding Wilson coefficient funat This function is decomposed into a
charm-, a top- and a mixed charm-top contribution. The fionstSy(z;) and Sy(z., ;) are given by
(l’i = mzz/M'\%V)

4y — 1122 + o} 327 In x4

S()(l't) = 4(1 _ l't)z - 2(1 — l‘t)3’ S(](l'c) = T, (3)

Ty 3x; 3x% In z;
1) = e |In 2t — - , 4
So(@e, 1) = e |In 2" = 73— ~ T =22 @)
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Fig. 4.1:Box diagrams contributing t&° — K_ mixing in the SM.

where we keep only linear terms in < 1, but of course all orders im,. The exact expression can be
found in [2].

Short-distance QCD effects are described through theaarefactorsny, 172, n3 and the explic-
itly as-dependent terms in (1). The NLO valuesipfare given as follows [1,3-6]:

1.30GeV

1.1
> . e =057+001, 1n3=047+0.05. (5)
me(me)

m = (1.32 +0.32) <

It should be emphasized that the values;pfiepend on the definition of the quark masses The
ones in (5) correspond toy, = my(m;) andm,. = m¢(m.) . With this definition the dependences
of e on'm; and ofnz on m; andm, are fully negligible but the dependencemafon m, turns out to
be significant. It can be well approximated by the formula5h (The scale dependence sm, (1),
wherep, = O(my), present generally in the functiodg (z,) andSy(x, z.) is canceled to an excellent
accuracy in the products,Sy(z;) andnsSy(x¢, z.). The corresponding scale dependencenitiyi.),
wherep,. = O(m,), is cancelled to a large extent in the prodygsy (=, z.) but remains still sizable in
mSo(zc). As we usem.(m.) andm,(m;) we have included the left-over scale uncertainties dye.to
andy, present in (1) in the errors of; that also include the uncertainties dueMgs, the scale in the
QCD running coupling. The small changesjinandns relative to the original papers are due to changes
in OéS(Mz).
Now, e is defined by
A(Kyp, — (7m)1=0)

EK = 6
K A(Ks — (7m)1=0) ©
with I denoting isospin. From (6) one finds
exp(im/4) = -~ ImAj
= ——" = (ImM 26Re M- = 7
K= A, (ImMp + 26ReMia), & Roo (7)

with the off-diagonal elemend/,, in the neutralK-meson mass matrix representiﬁé’—KO mixing
given by
X =0
2M My = (K [Her(AS = 2)[K?) . (8)
The factor2M reflects our normalization of external states ahgdis the isospin amplitude A Mg
is theK;, — Kg mass difference that is taken from experiment as it cannatlebly calculated due

to long distance contributions. The expression in (7) retglbigher order CP-violating terms: see the
discussion in the review article in reference [7].

Defining the renormalization group invariant parameser by [1]

_ (3)
By = Bg(p) [ag?’) (,u)} 20 ll + aST;u)Jg] ; 9)
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0 8
(KTIQAS = 2)[K") = 2 Brc () Fi M (10)
and using (8) and (1) one finds
G% 2 7 2 *2 *2 %\ *
Mz = 15 5 Fik Bk M My {/\c mSo(@e) + A" n2S0(xe) + 2/\c>‘t"7350($07xt)} ; (11)

whereFx = 160 MeV is theK-meson decay constant andy the K-meson mass.

To proceed further we neglect the last term in (7) as in thedstadl CKM phase convention it
constitutes at most 2% correction toe k. This is justified in view of other uncertainties, in parteu
those connected witB . Inserting (11) into (7) we find

ex = C-BrIm\; {Re). [11So(xe) — 13S0 (2e, 21)] — ReAimaSo(w¢) } exp(in/4), (12)

where we have used the unitarity relatibn)\? = Im); and have neglectele)\;/Rel. = O(\*) in
evaluatinglm(\’ \;). The numerical constadt. is given by

_ GRERMk My

= = 3.837-10%. 13
 6V2n2AMy (13)

To this end we have used the experimental valuA 8fx = 3.837 - 10~'° GeV andMyy = 80.4 GeV.

The main uncertainty in (12) resides in the paramétgr The present status @ is discussed
in Sec. 2.2. Here we note only that whBx > 0, as found by all non-perturbative methods, the formula
(12) combined with the experimental value fgf implies0 < § < « in the standard parametrization or
equivalentlys > 0 in the Wolfenstein parametrization.

1.2. B sector: basic formulae forA Mg, s oscillation frequencies

The strengths of tth,s — Eg,s mixings are described by the mass differences
d,s d,s
AMgs = My — M; (14)

where the subscriptd andL denote the heavy and light mass eigenstates respectivedyomng distance
contributions are estimated to be very small, in contrasihéosituation forA My, andA M, ; are very
well approximated by the relevant box diagrams. Moreovegcesn, . < m; only the top sector can
contribute significantly ta\ M, ;. The charm and mixed top-charm contributions are entiretyigible.

AM, s can be expressed in terms of the off-diagonal element ingh&a B-meson mass matrix
as follows
AM,=2M{Y|,  q=ds (15)

with My, given by a formula analogous to (8)

2Mp, |MP| = (B[ Her(AB = 2)|BY). (16)

In the case oBY — B mixing

G%
1672

HEP=? Mgy (VisVia)* nSo(ae)
(5)
—6/23 s
< [a® )] [1 ; O‘Tfj‘b)k] QAB=2) + he. (17)

Herep, = O(my), J5 = 5165/3174 = 1.627 in the NDR scheme [1],
Q(AB =2) = (byu(1 — 75)d) (07" (1 — 75)d) (18)
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and
np = 0.55 +0.01 (29)

summarizes the NLO QCD corrections [1,8]. In the casBbf- ES mixing one should simply replace
d — sin (17) and (18) with all other quantities and numerical ealunchanged. Agaim; = m(m;).

Defining the renormalization group invariant parame]éﬁ in analogy to (9) and (10)

. (5)
~ —6/23 Qg
Bg, = Bz, (1) [ ()] [1 + = ) k] : (20)
7I8
— 8
(B,|Q(AB =2)[BY) = £ By, (1) Fj, M, (21)
one finds using (17)
G2 -
AMy = 6—:2773M3q(BBqFéq)MVZVSO(mt)MqP, (22)

whereFp, is theB,-meson decay constant. This implies two approximate bberatccurate formulae

2

VBB, Fa, | [m(me) 1 21 Vil 127 us
AM,; = 0.50/ps - 23
d /75" | “330Mev {167Gev} [7.8-10—3} {0.55] (23)
and )
Bp, Fp, me(me) 172 T Vil 12 [
AM, = 17.2/ps - . 24
/P8 | “60Mev {167Gev} {0.040] 0.55 (24)

The main uncertainty here stems from the paramefgfs andBBd’S. The most recent lattice and QCD
sum rule results are summarized in Sec. 2.1.

1.3. Basic formulae for B oscillation probabilities

The probabilityP for a B?I meson { = d, s) produced at time = 0 to decay as gat proper time is
given as

1 AT
P(Bg — Bq) = 5 Tge™ " [cosh(=1t) + cos(AM,1)]. (25)

H L

Here we neglect effects from CP violation, whilg = - ;Fq , ATy =TH —TL andAM, is defined in
Eq. (14). The Standard Model predicid’, << AM,. Neglecting a possible lifetime difference between
the heavy and light mass eigenstates oﬂ%@ethe above expression simplifies to:

. 1
,ng)mlx — P(Bg — Bg) = 5 Fq e—th [1 + COS(AMqt)] (26)

Similarly, the probability for theBg to decay a§2 is given by

: — 1
P = P(B) - By) = 5 Tae ' [1 = cos(AM,t)) (27)
Thus, a measurement of the oscillation frequency gives ecdmeasurement of the mass difference

between the two physical B meson states

Figure 4.2 shows the time evolution 80 — B oscillations displaying the unmixed (solid) and
mixed (dashed) contributions for two different oscillativequencieg\ M. The sum ofP™* andpurmix
is just the exponential particle decBye~'«* and is shown by the dotted line in Fig. 4.2.

*AM, is usually given in ps*, where 1 ps! corresponds to 6.58 1deV.
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Fig. 4.2: Time evolution oB°-B"’ oscillations displaying the unmixed (solid) and the mixaalshed) contribution as well as

the sum of the two (dotted) for (a) slow and (b) fast oscidiatirequencies\ M, .

The integral of the probabilitgpj‘g;gX defined in Eq. (27) gives the mixing parameter:
q

1’2

— q : —
Xq = m with Ty = AMq TBg» (28)

where the lifetimerp, = 1/T,.

2. Theoretical issues

2.1. Non-perturbative parameters for B meson mixing
From the discussion in Sec. 1.2. above, the main uncertaintgtermining V4| from A M,; comes from

the factorf'g, Bp , In Eq. 23. In the standard analysis of the Unitarity Trianglee Chapter S5\ M
is used in a ratio wittA M, so that the important quantity § that is crucial for the determination of

[Vial/IVisl:
|th| Bs AMd BBS 29)
35

d

Although the quantities's, \/ B, for ¢ = d, s are needed for UT fits, it is common to fititk, and B,
separately.

2.1.1. Fp, and{ from lattice QCD

Lattice calculations are based on a first-principles evmlnaf the path integral for QCD on a discrete

space-time lattice. They have statistical errors arisiognfthe stochastic (Monte Carlo) techniques
used to evaluate the integral. They also have systematicsérom discretization effects, finite volume

effects, the treatment of heavy quarks, chiral extrapmtatiand quenching (or partial quenching). We
now briefly discuss these different sources of error.
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Statistical, discretization and finite volume errors cabaladdressed by brute-force improvement
of numerical simulations. We can also use improved distagtn procedures (to reduce discretization
effects at a given lattice spacing) and understand (andreadee use of) the finite volume effects.

Lattice results need to be matched either directly to playgjoantities, or perhaps to quantities
defined in some continuum renormalization scheme. On tliedagide this can be done using lattice
perturbation theory, but with the development of non-pétive renormalization methods, the uncer-
tainty from the lattice can be systematically reduced. Hamysical quantity (such as the decay constant
Fp,) this is the end of the story. If matching is made to a quamtit continuum scheme (such Bg;,
in MS), the remaining uncertainty comes from tb@ntinuumperturbation theory: see for example the
discussion in [9].

There are a number of ways to treat the heguark on the lattice. Results f0-B° mixing
obtained using different approaches broadly agree, stiggehat the heavy quark mass dependence is
under control.

This leaves chiral extrapolations and quenching to consiffe will start with quenching. Recall
that the QCD path integral is over both gauge and fermiondieldowever, since the fermions appear
quadratically in the action, the fermion integral can bealeractly to leave a determinant (actually
a determinant for each flavour of quark). The calculationhaf determinant is extremely intensive
numerically, so the so-calleglienched approximatioreplaces it with a constant, together with a shift in
the bare couplings. This is not a controlled approximatharn,today more and more lattice simulations
are being done including the determinant for at least sontheofjuarks. The first dynamical quark
algorithms produced sea quarks in degenerate pairs (im todget a positive weight function for the
Monte Carlo generation of the gauge field ensemble) and avodl (V, = 2) dynamical simulations
are still the most commonly encountered. However, methogldaing developed to cope with single
flavours of dynamical quark amiy = 2 + 1 simulation results, with two degenerate light flavours and
one heavy flavour, are beginning to appear, although therstérquestions about the validity of some
steps in the algorithm.

Each quark whose determinant is evaluated is labeled asnardigal’ or ‘sea’ quark in lattice
parlance. A typical lattice calculation of a hadronic ctatien function (from which masses and/or
matrix elements may be extracted) involves an average ovemsemble of gauge fields of a combination
of quark propagators. These propagators are evaluatedeomattkground of each gauge field in the
ensemble by means of a matrix inversion. The set of massddarshe propagators define the ‘valence’
masses of the simulation, which may or may not be the sameeadytamical masses which were
incorporated (via determinant factors) when generatirggdwge field ensemble. Usually the valence
and sea masses are different and we talk of a ‘partially chesficcalculation.

Results forF'g from quenched calculations have remained stable for a nuaflyears. Numerical
simulations using two flavours of dynamical quarks show @nease inFz compared to quenched re-
sults. The latest developments have seen thefiflstvour dynamical results [10,11], where two flavours
are ‘light’ and one is heavier, around the strange quark miassthe future, the development of more
realistic dynamical simulations will continue.

Another important (and related) issue is that of chiral apiations, the subject of a panel dis-
cussion [12] at the Lattice 2002 conference. It is difficalsimulate realistically light (valence or sea)
quarks, so that calculations 6%, say, are made for a a set of (valence) quark masgesypically in
a range from about,/2 to 2m4 and the results are interpolated or extrapolated as retjuiigewise,
in partially quenched calculations, results from simolasi with a range of sea quark masses need to be
extrapolated. The control of these extrapolations is aasrissue for UT fits because of their effect on
the final values ofF5, and Fig, and hence on the impact of tieM, /A M, constraint. As far back as
late 1994 Booth noted the striking difference between thengbhed and QCD chiral logarithms [13] and
posted a warning thdtp, /Fjp, in QCD would be larger than in the quenched approximatiorceRty,
this issue has attracted much more attention [14-18].
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Consider an idealized lattice calculation of the decay m®f a heavy-light pseudoscalar meson
with valence contenf)g, whereQ is the heavy quark ang a light quark. Imagine that the simulation
is performed either with or without the presence/¢f flavours of (degenerate) sea quarksind let
AFp, be the correction td'z, depending on the mass(es) of the valengeafd sea f) quarks. With
no sea quark effects included, the calculation is quencidtenm, # m, the calculation is partially
quenched and when, = m; it is QCD(-like). The dependence &F'z, on the valence and sea quark
masses can be calculated in quenched (Q), partially qudr{e¥e@) or ordinary chiral perturbation theory,
and shows up as dependence on the masggsm,r andm , of pseudoscalar mesons made from the
corresponding quarks [19]. The expressions are as follows

2

(AF5 )2 = (4ﬂ1f)2(Xm3q+Ym3)ln(%) (30)
m?2 m2, — 2m? m2
(AFp, )PP = _% l%m?ﬁln( Aqu) +( ff2Ni o) 1n( quq)] (31)
1+3¢%) /N 1 2
(AFs)* = _%(%_ﬁ)miqm (5) (32)

with m2, = (mg, + m7)/2 (at this order of calculation). In the factay (47 f)?, f is equal to the
common light pseudoscalar meson decay constant at leadileg, avhile X, Y andmg are also built
from coefficients of the effective Lagrangian. The depewrdeon the ultraviolet cutoff\ is canceled
by that of ‘analytic terms’ not shown here. The couplingomes from the leading interaction term in
the heavy meson chiral Lagrangian (see the textbook by Marenid Wise [20] for details and original
references) and fixes th& B7 coupling in the limitA/g — oo by

9B*Br = 29 M5 (33)
f
where
(BT (p)7~(q)/B*(e,7")) = 9B+ Br€-q. (34)

The decayB* — Bmr is not kinematically allowed, buy can be estimated using CLEO results [21]
for D* — D, or from a lattice QCD calculation of the matrix element of tlght-quark axial current
between B and®* mesons [22] (or D an@* [23]). The CLEO results lead t¢ = 0.6, consistent with
the recent lattice calculation [23].

The expressions in Egs. (30), (31) and (32) show that botlgtleached and partially quenched
‘chiral logarithms’ diverge as the valence quark mass amdéwe:,, vanishes while the sea quark mass
is held fixed. In contrast, there are no divergences whendhejgark masses vanish with the valence
masses held fixed. For the QCD-like case, things also renmte fis the joint valence and sea quark
mass vanishes. The problem for lattice practitioners is Iest to perform the chiral extrapolations from
results calculated with sets of, andm ; values, particularly since itis very difficult to make thessas
small enough to see the logarithmic dependence.

For F, the situation is like the ‘QCD’ case above where the valencgiark in theB; meson
and (some of) the sea quarks are very light. Fgr, the valence mass is fixed ai; and the sea quark
masses are extrapolated to small values (more like theafhartjuenched case above). The JLQCD
collaboration find [24] that these different extrapolatidend to decrease the value 6, relative to
Fp,, and therefore increage However, a number of caveats must be kept in mind [25]. Algiothe
data is consistent with the chiral logarithmic forms, a# ttata points are at masses beyond the region
of strong variation in the logarithms. Moreover, at thesgda masses, higher order terms in the chiral
expansion may be required. Furthermore, in dynamical sittauis the lattice spacing changes as the sea
quark mass changes at fixed lattice couplifg, €0 that care is needed not to interpret lattice-spacing
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(and volume) dependence as sea-quark mass dependencedeshtadbt is that JLQCD find that their
results forF,. arenot consistent with the expected logarithmic behaviour.

The MILC collaboration have also estimated chiral loganteffects as part of their extensive
analysis ofN; = 2 simulations for heavy-light decay constants [17]. Theitlmod is based on extrapo-
lation of the ratio of the light-light to the heavy-light dgcconstant, where the chiral logarithmic terms
cancel to a large extent. MILC’s conclusion is that thesea¥ do tend to increase the value of the ratio
Fg,/Fp, and MILC ascribe a systematic error-0.04 from chiral logarithms to a central value bfl 6
for FBS /FBd-

Kronfeld and Ryan (KR) [14] consider the ratios = F, /Fp, and{p = Bp,/Bp, as the mass
of the quarkq varies from the strange mass down to that of the light quarkadd and match ChPT
to lattice data fonn, not too far fromm,. Their analysis givegs = 1.32(10). Another more recent
phenomenological analysis (BFPZ) [18] supports the irsgdné coming from chiral logarithms and
leads to a consistent resglt= 1.22(7). This value is extracted using the double ratio

. (FBS MBS)/(FBd MBd)
R= B T . (35)

An expression for? in leading order heavy meson and pion chiral perturbatieor (in full, 3-flavour
QCD) is combined with the experimental ratiby / F )expt = 1.22(1) to extractl'z, /Fp,. Systematic
error in both analyses arises from the uncertain valuesrainpaeters in the heavy meson and pion chiral
Lagrangian, namely the couplingin the leading interaction term, already encountered aktogether
with sums of coefficients of higher-order terms in the heawwsam chiral Lagrangian. In addition the
analysis usingR depends orLs, the coefficient of a higher-order term in the pion chiral taagian
through its use of the rati6 / F;.

In conclusion, lattice results fdrg can show significant light-quark mass dependence and more
work is needed to understand to what extent this dependsmig/sical. At present a reasonable conser-
vative view [25] is to allow adecreaseof up to —10% in F'z, with a negligible change i's, as added
systematic errors. These are included in the final estinpressented in Eq. (37).

A summary of lattice calculations for the decay constanibliphed after 1996, is given in Fig. 4.3
(taken from the review by Lellouch [25]), which shows resuir Fiz, and the ratioFz, /Fp,. The
‘summary’ numbers at the bottom of the plots give quenchedlames fotF'’s, and F'iz, /F'z,, together
with ratios of these quantities fov¥; = 2 and Ny = 0:

Nf:2

— F
Fpy7™" = 178(20)MeV = = 1.09(6)
P (36)
_ Fg,/Fg,)Nr=2
(Fp,/Fp,)N=0 = 1.14(3) W Pey) oy = 1.02(2)

(FBs/FB,)

For the mixing parameteBp,, the situation with quenching and chiral extrapolationkioanore
favourable. Very little variation is observed between quexdl (V; = 0) and Ny = 2 results. The
partially quenched chiral logarithm fdg, has a coefficient containing — 3¢%> ~ —0.1 compared to
1+ 3¢® ~ 2.1in the Fp, case (usings = 0.6 as discussed above) so the chiral extrapolation is better-
controlled and leads to a small errorlﬁBS/BBd [14,25,16]. The heavy quark mass dependence is mild
and different formulations agree at the physical point fenBsons.

There is, however, an issue concerning lattice resultg fanich are normally quoted by combin-
ing results forfz and B. Of course, it is also possible to evalugtdirectly from the ratio ofAB = 2
matrix elements. In this cageturns out to be larger, although with large errors [35,27¢a@ly the two
procedures should give consistent answers, so this issueesd to be resolved.
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d

, (¢) Fs,/Fg, in quenched §; = 0) and two-flavour {V; = 2) QCD, (d) the ratio

(FBS/FBd)Nfzz/(FBS/FBd)NfZO. The results are grouped according to the formulation usetigat the heavy quark and

the references are: APE 00 [26], LL 00 [27], UKQCD 00 [28], FNA7 [29], CPPACS 00 [30], MILC 02 [17], Ali Khan

98 [31], Collins 99 [32], JLQCD 99 [33], CPPACS 01 [34] and JIED 02 [16]. Figs. taken from [25].

2.1.2. Summary ofip, and¢ from the lattice QCD

Using the quenched averages as a starting point togethertivaitratios of N, = 2 to Ny = 0 results
allows an extrapolation t&V; = 3 [25]. An additional systematic error equal to the shift franto 3

flavours is added to account for the uncertainty in this plaeg. This leads to:

Fp, = 203(27)(20)MeV

Bp, = 1.34(12)

Fp,\/Bp, = 235(33)(.9)MeV  Fp_\/Bp, = 276(38)MeV

Fp, = 238(31)MeV

Bp, = 1.34(12)

TBe _118(4)(")

A~

Bp,

B 1.00(3)

Bp,

¢ = 1.18(4)("f)

(37)

Here, the last, asymmetric, error, where present, is duarthertainty in the chiral extrapolation
discussed above. The first error combines statistical drodhedr systematic errors. In UT analyses, the

value of¢ given above should be understood as

¢ = 1.24(4)(6)

(38)

and likewise for other quantities affected by this asymineatrror. Note that this does not apply for
Fp, andBg_, for which the chiral logarithmic uncertainties appear Broampared to other systematic
errors. The result fog in Eq. (38) is consistent with the KR [14] and BFPZ [18] analysnentioned

above.

2.1.3. Fp, and Fp, from QCD sum rules

Within the framework of QCD sum rules [36,37], the decay tantsFz, and g, can be calculated by
equating phenomenological and theoretical spectral inmetfor the pseudoscal@,; and B; mesons,

fAn alternative way to quote the final answer would be to useNhe= 2 results extracted from Eq. (36) and add a
systematic error for the extrapolation& = 3. In this case, the final central value B, /F'z, would bel.16. The value of

1.18, however, is consistent with the latest preliminary MILGuits for N; = 3, which give(Fp, /Fg, )" =% = 1.18(1)(‘11)
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Fig. 4.4: F'z, as a function of the sum rule scaldor different sets of input parameters. Solid line: centralues of Table 4.1;
long-dashed linermn,(my) = 4.16 GeV (upper line),my(ms) = 4.26 GeV (lower line); dashed lineu., = 3 GeV (lower

line), um = 6 GeV (upper line).

which leads to the relation [38—40]

s0
MyFE, = [ B (s) ds (39)
0

for the B; meson and analogously f&;. Eq. (39) is the central relation for the sum rule analysise T
theoretical spectral function(s) = S¥(s)/m can be obtained by calculating the two-point correlator of
hadronic currents

Wt =i [dwe™ O] T{ja(@) 35(0)'}HO) (40)

in perturbative QCD, including corrections from the opergiroduct expansion. For the B meson, the
pseudoscalar curreny(x) takes the form

Js(x) = (my + my,) 2a(x) iysb(x): . (41)

The parametesg in Eq. (39) indicates the energy range up to which experiaidaiowledge of the
phenomenological spectral function is available. Thiapeter will be further discussed below.

Substantial progress in determining the theoretical sgefitnction has been achieved very re-
cently through a calculation of the perturbative threeploodera? corrections [42,43]. These are im-
portant because the size of higher-order corrections dispen the renormalization scheme employed
for the quark masses. As can be inferred from refs. [42, 48]t term turns out to be of similar order
to the leading contribution if pole quark masses are usedye@ds good convergence of the perturbative
series emerges for quark masses defined ilMBescheme. Nevertheless, these scheme dependences
influence only the theoretical uncertainties, sid¢g, and Fiz, are physical quantities which certainly
should not depend on the quark mass definitions. Highersiioaal operator corrections to the sum
rule are known up to dimension six [39] and are also under gloedretical control.

Figure 4.4 shows numerical results #9g, of Ref. [39], plotted as a function of the sum rule scale
u, after evaluating the sum rule of Eq. (39). Reliable values’s, can be extracted from the sum rule
if an energy region exists in which the physical quantity néyoveakly dependent on. For F'g, this

A review of the procedure and further original referencestoafound in [41].
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Parameter Value S0 uyp AFp,
my(mp) 4214008 Gev 338 ¢85 x4
[, 3.0 — 6.0 GeV g2 48 £10
(uu)(2 GeV) — (267 £17MeV)? 339 2T 46
0(a2) o) 336 56 42
as(Mz) 0.11854+0.020  33.6 5.6 +1

Table 4.1:Values for the dominant input parameters, continuum thokeshs, [GeV2], points of maximal stability.o [GeVQ],

and corresponding uncertainties féiz, [MeV].

Parameter Value so  uy AFpg,
my(mp) 42140.08GeV 3§43 38 F26
i 30-60Gev  $3 §2 1
(5s) /(tu) 0.8+0.3 32933 48
(au)(2 GeV) — (267 +17 MeV)? 327 52 45
ms(2 GeV) 1004+ 15MeV 355 51  +2
O(a2) o) 355 51 43
ag(Mz) 0.1185+0.020 355 51 =1

Table 4.2:Values for the dominant input parameters, continuum ttotegshs, [GeV?], points of maximal stabilitys, [GeV?],

and corresponding uncertainties fétz, [MeV].

turns out to be the case in the rang&eV? < u < 6 GeV2. Averaging the results of refs. [38,39] in this
energy range, one extracts the central resdifs = 208 MeV and Fp, = 242 MeV.8

The dominant uncertainties in the sum rule determinatiof’®f and Fp, arise from the strong
dependence on the value of the bottom quark masand correspondingly on the scalg, at which the
quark masses are renormalized. The ranges for the variatiihrese parameters and the corresponding
variations of g, and Fg, have been collected in Tables 4.1 and 4.2 respectively. &haer should
note that compared to Ref. [39], the error on(m;) has been enlarged, in order to coincide with
the value employed throughout this report, although thgelauncertainty should be considered very
conservative. The Tables also list the valugsat which the sum rule displays optimal stability, as well
as the parameterg which can be determined consistently from an independentrale for theB,; and
B meson masses. Additional smaller uncertainties are duat@tion of the strong coupling constant
a; higher order QCD corrections; the value of the quark comsdenuu) [44] which is the leading
contribution from higher-dimensional operators; thergg@condensatés) and the strange quark mass
ms in the case off'z,. Ranges for these inputs together with the variationg'gf and F'z, are also
collected in Tables 4.1 and 4.2. For further details of thmerical analysis, the reader is referred to
Ref. [39].

$Owing to the criticism put forward in Ref. [39], the result R&f. [40] has not been included in the average, despite the
apparent agreement for the numerical values.

153



Adding all errors for the various input parameters in quade the final results for thB,; andB;
meson leptonic decay constants from QCD sum rules are:

Fp, = 208 + 27 MeV and Fp, = 242 4+ 29 MeV. (42)

Owing to the strong sensitivity of these results on the ottpuark mass, one should note that for
example using the very recent averagg(m,,) = 4.24 GeV [45], the resulting values fdrz, and F 5,
are lowered by almosio MeV.

2.1.4. Bp, and Bp, from QCD sum rules

The status of the determination of the hadroBigparameters3g, and Bp, from QCD sum rules is
less satisfactory than for the decay constants. In priacthle B-parameters can be calculated from two
different types of sum rules: namely three-point functiomsules with the insertion of two pseudoscalar
currents and one four-quark operator [46,47], or two-phinttion sum rules with the insertion of two
local four-quark operators [48,49]. However, both apphescare plagued with difficulti€s

The first determinations of the hadrorizparameters [46,47] employed three-point function sum
rules and found a value d#p,(m;) = 0.95 £ 0.10, slightly lower than the factorization approximation
which results inBg, = 1. The dominant non-factorizable contribution due to theogleondensate
turned out to be negative, thus lowering tBeparameter. However, the perturbative part was only
considered at the leading order, and thus the scale and sctiependences dbp, were not under
control. Besides, the analytic structure of three-poimicfion sum rules is more delicate than for two-
point correlators, and therefore great care has to be takgmoperly extract the quantity in question [41].

For the case of the two-point function sum rules, next-tmirg order QCD corrections have been
calculated in Ref. [48], which provides better control otler renormalization dependence®f. This
analysis resulted iBg,(m;) = 1.0 £ 0.15. However, here the phenomenological parametrization of
the spectral function is more complicated, since contidmst from intermediate states containing B
mesons have to be taken into account in addition to the B meStaps in this direction have recently
been taken in Ref. [49] were the vali&s, (m,) = 1.15 £ 0.11 was obtained, now indicating a positive
correction.

Although averaging the results of the two approaches migpéar problematic, we nevertheless
decided to quote a common value for the B mesbparameter from QCD sum rules:

A~

Bp,(my) = 1.10 £ 0.15 and Bp, = 1.67 +0.23, (43)

which covers the outcome of both methods within the ungaies. On the other hand, general agree-
ment exists for the flavour dependence of #hgarameter. In all present sum rule approaches it was
found to be negligible, thus yieldings, /Bp, = 1 to a good approximation.

2.2. K°-K° mixing: determination of By

2.2.1. By from lattice QCD

The most commonly used method to calculate the matrix elem%%] Z (3d)y_a(8d)y_a(u) | K
is to evaluate the three point correlation function showfitn 4.5. This corresponds to creatind<a
at some time using a zero-momentum source; allowing it to propagateifioe t — ¢; to isolate the
lowest state; inserting the four-fermion operator at tiggéo convert the K to aKO; and finally allowing
theK' to propagate for long tim& — t». To cancel the R(KO) source normalization at timesg andis
and the time evolution factoes “x* for timest, — to andtp — t; it is customary to divide this three-
point function by the product of two 2-point functions aswhan Fig 1. If, in the 2-point functions, the

YFor a different approach see also Ref. [50].
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Fig. 4.5:Ratio of lattice correlation functions used to calculd®e .

bilinear operator used to annihilate (create) H%(KO) at timete is the axial densityvy,4vsd, then the
ratio of the 3-point correlation function to the two 2-pofatctions is(8/3) By .

By is defined to be the value of the matrix element at the phy&@ah and normalized by the
Vacuum Saturation Approximation valsg3M /7 F'2

(K°| Z (3d)y_a(3d)y_a(p) |K") = (8/3)BxMEFE.

The earliest calculations @ were done using Wilson fermions and showed significant tievia from
this behaviour. It was soon recognized that these lattiifaets are due to the explicit breaking of chiral
symmetry in the Wilson formulation [51-55]. Until 1998, thely formulation that preserved sufficient
chiral symmetry to give the right chiral behaviour was Stxgd fermions. First calculations using this
approach in 1989 gave the quenched estiniatd NDR, 2GeV) = 0.70 £+ 0.01 + 0.03. In hindsight,
the error estimates were highly optimistic, however, thetreé value was onlyl0% off the current best
estimate, and most of this difference was due to the unreddNa?) discretization errors.

In 1997, the staggered collaboration refined its calculietiad obtaine®.62(2)(2) [56], again the
error estimate was optimistic as a number of systematictsfigere not fully included. The state-of-the-
art quenched calculation using Staggered fermions was biptiee JLQCD collaboration in 1997 and
gave Bk (2GeV) = 0.63 + 0.04 [57]. This estimate was obtained using six values of th&kgpacing
between0.15 and 0.04 fermi, thus allowing much better control over the continuartrapolation as
shown in Fig. 4.6 along with other published results. Thigtiisthe benchmark against which all results
are evaluated and is the value exported to phenomenolodikis result has three limitations: (i) It is
in the quenched approximation. (i) All quenched calcolasi use kaons composed of two quarks of
roughly half the “strange” quark mass and the final value tgioled by interpolation to a kaon made up
of (ms/2,ms/2) instead of the physical poititns, m4). Thus, SU(3) breaking effectsi, # m,) have
not been incorporated. (iii) There are lax@éa?) discretization artifacts, both for a given transcriptidn o
the AS = 2 operator on the lattice and for different transcriptiona given value of the lattice spacing,
so extrapolation to the continuum limit is not as robust aswauld like. These limitations are discussed
after a brief summary of the recent work.

In the last four years a number of new methods have been gedbnd the corresponding results
are summarized in Table 4.3.

e The Rome collaboration has shown that the correct chirahiebr can be obtained usin@(a)
improved Wilson fermions provided non-perturbative renalization constants are used. Their
latest results, with two different “operators”, afgx (2GeV) = 0.63(10) and0.70(12) [58].
These, while demonstrating the efficacy of this method, dosopplant the staggered result, as
the continuum extrapolation is based on only three pointstha data have larger errors. The
discretization errors can be characterizedBaga) = Bi (1 + aA) with A ~ 400MeV and are
similar in magnitude to those with staggered fermions/at = 2 GeV, as are the differences in
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Fig. 4.6: Published estimates d?x with fermion formulations that respect chiral symmetryl rAults are in the quenched

approximation.

Collaboration  year Bg(2GeV) Formulation Renormalization a—* (GeV)
Staggered [56] 1997 0.62(2)(2) staggered 1-loop 00
JLQCD [57] 1997 0.63(4) staggered 1-loop 00
Rome [58] 2002  0.63(10) Improved Wilson NP 00
Rome [58] 2002 0.70(12) Improved Wilson NP 00
CP-PACS [59] 2001 0.58(2) Domain Wall 1-loop 1.8 GeV
CP-PACS [59] 2001 0.57(2) Domain Wall 1-loop 2.8 GeV
RBC [60] 2002  0.53(1) Domain Wall NP 1.9 GeV
DeGrand [61] 2002 0.66(3) Overlap 1-loop 1.6 GeV
DeGrand [61] 2002 0.66(4) Overlap 1-loop 2.2 GeV
GGHLR[62] 2002  0.61(7) Overlap NP 2.1 GeV

Table 4.3:Quenched estimates fétx evaluated in the NDR scheme2@eV. The fermion formulation used in the calculation,
the method used for renormalizing the operators, and thickascale at which the calculation was done are also giveR. N
indicates non-perturbative renormalization using theNRDM scheme and ! = oo implies that the quoted result is after a

continuum extrapolation.
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estimates with using different operators. In the staggéradulation, the artifacts are, however,
O(a%A?) andO(a?) and the data suggest an unexpectedly ldrge 900MeV.

e Four collaborations have new results using domain wall aedap fermions as shown in Table 4.3
[63,60,59,61,62]. Both formulations have built in chirghenetry at finitea andO(a) improve-
ment. Each of these collaborations have used slightly réiffemethodology, so they cannot be
compared head on, or combined to do a continuum extrapolafious, the results are quoted with
reference to the lattice spacing at which the calculatios d@ne. The differences refleot a?)
(@andO(a?) in cases where perturbative renormalization constants baen used) artifacts.

e Calculations are in progress [64] using another method gatbd chiral behaviour, twisted mass
QCD.

Deriving an estimate for the physical, starting from the current best quenched lattice estinthee,
JLQCD staggered resuBx (2GeV) = 0.63(4), requires consideration of the following issues.

e The O(a?) errors in the staggered formulation are large. Nevertbelts® error).04 obtained
by the JLQCD collaboration on including bot(a?) andO(a?) terms in the extrapolation is a
reasonabld o estimate of both the statistical and the extrapolation tginaum limit errors.

¢ A choice forag and the number of flavours in the perturbative expressiondias made to convert
Bx — Bg. It turns out that the result is insensitive to whether oresuguenched or full QCD
values. Using the 2-loop expression, the result for therabwhlue isByx = 0.86(6).

¢ An estimate of the systematic uncertainty associated Wwélgtienched approximation and SU(3)
breaking. Preliminary numerical estimates suggest thaduhycal quarks would increase the value
by about5% [65,66]. Sharpe estimates, using ChPT, that unquenchingdwocreaseBy by
1.0540.15, and SU(3) breaking effects would also increase it iy +0.05 [67]. This analysis of
systematic errors is not robust and, furthermore, the tweetiainties are not totally independent.
So one can take an aggressive and a conservative approanhgubting the final result foB .

In the aggressive approach, the error estimate is giventmpicong in quadrature the offset of the
central values with respect to unity. This gives% uncertainty and

By = 0.86 % 0.06 + 0.06.. (44)

In the conservative approach, advocated by Sharpe [67]combines the uncertainty in quadra-
ture to get al6% uncertainty. The final result in this case is

| Bk =0.86 £0.06 £0.14 | (45)

Given the lack of a robust determination of the systematiorgit is important to decide how to
fold these errors in a phenomenological analysis. One rewamdation is to assume a flat distribution for
the systematic error and add to it a Gaussian distributidh avi= 0.06 on either end, and do a separate
analysis for the aggressive and conservative estimatesthér words, a flat distribution betwe@rir2
and1.0 for a conservative estimate éfx (or from 0.80 to 0.92 for the aggressive estimate) to account
for systematic errors due to quenching and SU(3) breakingeShis is the largest uncertainty, current
calculations are focused on reducing it.

Finally, the reasons why the quenched lattice estimatBpthas been stable over time and con-
sidered reliable within the error estimates quoted abogevarth reemphasizing:

e The numerical signal is clean and accurate results arenglataiith a statistical sample of evé
decorrelated lattices.

e Finite size effects for quark massesm,/2 are insignificant compared to statistical errors once
the quenched lattices are larger thiermi.
¢ In lattice formulations with chiral symmetry, the renorimation constant connecting the lattice

and continuum schemes is smatl {5%), and reasonably well estimated by one-loop perturbation
theory.
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e For degenerate quarks, the chiral expansion for the md&irent has no singular qguenched log-
arithms (they cancel between thed and V'V terms) that produce large artifacts at small quark
masses in observables IilMﬁ, f=, etc. Also, the chiral expansions have the same form in the
quenched and full theories [68—71].

e ChPT estimates of quenching and SU(3) breaking systenrabicsare at th&—16% level [70,65,66].

2.2.2. Bpg from non-lattice approaches

The parameteBg can also be calculated using other non-perturbative appesato QCD, like QCD
sum rules, the largé¢. expansion or the chiral quark model. As for the param@tgrin the B-meson
system,By can be obtained from sum rules by considering two-point T42-er three-point [75,76]
correlation functions. However, both methods suffer fréva $ame inadequacies as in the cas® pf
For the two-point function sum rule, the phenomenologigacsral function is difficult to parametrise
reliably, whereas for the three-point function sum rule matrto-leading order QCD corrections are
available and thus a proper matching with the Wilson coefficfunction is at present not possible. For
these reasons, we shall concentrate below on existingséatthe largeN,. expansion [77-80], which
in our opinion are developed furthest. After commenting lom largeNV,. approach in more detail, the
calculation of Bg within the chiral quark model [81] will also be briefly discesl.

Calculations of weak hadronic matrix elements in the fraorvef the large®N,. expansion were
developed by Bardeen, Buras and Gérard in the ninetedériesg ForB ., at the next-to-leading order in
1/N,, this method resulted iBx = 0.7+0.1 [77], to be compared witfBx = 0.75 in the strict largeN,.
limit. However, at that time the next-to-leading order estion to the Wilson coefficient function [82]
was not available, and anyhow it is debatable whether thdtre[77] can be properly matched to the
short distance coefficient. The proper matching of the smradescheme dependencies in matrix elements
as well as Wilson coefficients is, however, a crucial aspacall approaches to weak hadronic matrix
elements.

In the approach of [78] a significant dependence on the maictgale is still present, resulting
in sizable uncertainties foBx. Explicit cancellation of scale and scheme dependencesdem®n-
strated in Ref. [79] within the chiral limit, and, to a lessxtent in Ref. [80], also for a physical strange
quark. The main ingredients in the approaches of [79,8Q] dre large/N,. expansion; chiral pertur-
bation theory to control the low-energy end of the Green tioncrequired for the calculation of the
matrix elements; the operator product expansion to cotitehigher-energy region of the Green func-
tion above roughlyl GeV; a model which connects the low- and high energy regiffiethis end, in [79]
the relevant Green function was saturated by the lowestj lyattor meson, thg, whereas in [80] the
extended Nambu-Jona-Lasinio model was applied which, herveloes not display the correct QCD
high-energy behaviour. The dependence on these modelstotassthe dominant uncertainty for the
latter approaches.

In the chiral limit, the findingsBx = 0.38 + 0.11 [79] as well asBx = 0.32 + 0.13 [80] are
in very good agreement with the current algebra reBylt= 0.33 [83], obtained by relatind3x to the
K+ — 7t70 decay rate. In fact, this agreement could be interpretedsas@essful description of the
K+ — 770 decay from largeN.. The authors of Ref. [80] have also extended their calanabieyond
the chiral limit with the resul3x = 0.77 + 0.07. The smaller error compared to the chiral limit case
is due to a reduced model dependence for a physical straragk. ddowever, as is obvious from these
results, the chiral corrections amount to more than 100%jtalemains to be seen whethBi of [80]
incorporates all such corrections. Nevertheless, it er@sting to observe that the final result of Ref. [80]
is again very close to the strict largé- prediction, and is also in good agreement with the averama fr
lattice QCD quoted above.

An independent approach to hadronic matrix elements atktan particular is the chiral quark
model [81]. The chiral quark model provides a link betweenDQ&hd chiral perturbation theory and
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bears some similarity to the extended Nambu-Jona-Lasiridemalready mentioned above. In this
framework, the hadronic matrix elements depend on the sabfieuark and gluon condensates, also
present in the QCD sum rule approach, as well as constituesses for the quarks. For values of
these parameters which fit ti®/ = 1/2 rule for K — 7w decays, the authors of [81] then obtain
Byg = 1.1 £ 0.2, where the error is dominated by the variation of constitugrark mass and gluon

condensate. However, owing to a poor matching between langd-short-distance contributions in the
case of By, an additional systematic uncertainty of the order of 15%lade present in the result

of Ref. [81].

3. Experimental methods for the study ofB? and B mixing

The system of neutral B mesoris) andﬁo, can be described in terms of states with well defined mass
and lifetime exhibiting the phenomenon of particle-antiigée oscillations. The frequency @3 and

BY mixing can be described by the mass differefck/,; ; as defined in Eq. (14). This mass difference
between the two mass eigenstates leads to a time-deperdesd gifference between the particle wave
functions. In the Standard Mode]BO—EO mixing is described via second order weak processes, as
displayed for the case #0-K" mixing in Fig. 4.1. The mass differene&)/; ; can be determined by
computing the electroweak box diagram, where the dominamttibution is through top quark exchange
as can be seen in Eq. (22). A measuremenhdf,; or AM; in principle allows the determination of
the Cabibbo-Kobayashi-Maskawa matrix elememtg| or |V;,| as indicated by the relations in Eq. (23)
and (24). The main uncertainty in relating measurementieftixing frequency to the CKM matrix
elements originates from the parametgys andBBd’S as discussed in Sec. 2.1.. However, in the ratio
AMy/AM; several of the theoretical uncertainties cancel as is olsvicom Eq. (29). Thus, the ratio
AM,;/AMjs is related to the ratio of CKM matrix elemerjig|/|V;s| and will ultimately determine one

of the sides of the CKM unitarity triangle.

3.1. Time integrated oscillation analyses and determinatin of B hadron production rates

At the T(45), only B} andB* mesons are produced, whereas at high energy colliB¢rmesons and
b-baryons are also present. In the latter cagpand B? mesons contribute to time integrated mixing
measurements with a weight proportional to their relatiralpction fractions:

X = xa + oo Xs- (46)

Here, fgo and fgy are the production rates &) andBY mesons i quark jets, whiley, s are the re-

spective mixing parameters defined in Eq. (28Jhe non-linear relation betweerandy (see Eq. (28))
implies thaty becomes insensitive tofor values greater than ~ 5. Thus, a time dependent oscillation
analysis is necessary to observe fast oscillations as ®gémr B mesons. At thé'(45) resonance, a
measurement of; allows to directly extract,; because only slowly oscillatinﬁg mesons are produced.
A time integrated mixing analysis is, however, importanti&termine the hadron production fractions
fBg and fgo. For examplefBS is an essential input for a measurement/gf usingES — D*T "1,
decays and the source of an important systematic errAriify measurements at high energy colliders.
Furthermore, the sensitivity tBS—ES oscillations in inclusive analyses depends on®{eproduction
rate fgo.

The production rates d8 hadrons inb quark jets can be obtained from the measured integrated
oscillation rates of B mesons (see Eq. (46) ). When measthimgime integrated oscillation parameter
in a semileptonic sample, the mixing probability can be tentas

X = 9BoXs + 9BOXd> (47)
IThe world average for the time integrated mixing paramestgr0.1194+ 0.0043 [84].
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b-hadron fractions direct measurement direct plus mixing
fio (9.2 + 2.4)% (9.3+£1.1)%
Fo—baryon (10.5 £ 2.0)% (10.5 +£1.8)%
oo = fo+ (40.1 £ 1.3)% (40.1 + 1.1)%

Table 4.4:Average values di-hadron production rates obtained from direct measuremamd using time integrated mixing

as of the ICHEP 2002 conference [87].

whereggo andggo are the fractions oBY andBY mesons in a semileptonic sample. Assuming that the
semileptonic widffh is the same for &lhadrons, we obtain
9B, = fB, Ri where R; = T (48)
B
This results in

1 (1 + 74) X — (1 — fb—baryon Rb—baryon) Xd

E R, (14+7)xs — X4
1 X - (1 - fb—baryon Rb—baryon) Xs
o = — 49
eg Rq Xa — (1+7) xs (49)

wherer = Ru/Rd = T(B+)/T(B(c)l) We assuqug = fB+’ fBJr + fBg + fBg + fb—baryon =1
andy, = 0.5.

From the previous expressions, the valueggfand fzo are determined and combined with those
obtained from direct measurements (for more details seeTS‘tﬁj. The results are shown in Table 4.4.
It is clear thatfpo is essentially determined from the time integrated mixingasurement. The error
on fpo is dominated by the uncertainty on the integrated osalfefiarametef, which is not expected
to improve substantially in the near future. Different umiaimties contribute to the error ofhg. The
most important one is the poor knowledge of tHearyon production rates. It has to be noted I;fggtis
essentially determined by the DELPHI direct measuremegit [8

3.2. Flavour tagging techniques

In general, a measurement of the time dependené&?@o oscillations requires the knowledge of:

e the proper decay timeof the B meson (see Sec. 3.3.),

e the flavour of theB or B meson at both production and decay in order to determineh&hée

B meson has oscillated.
Events are classified on the basis of the sign of the produetiol decay tagging variables as mixed or
unmixed. To accomplish this, it is necessary to determiee tiuark content¥ or b) of the B meson
at production and at decay time. The figure of merit to compi#fferent flavour tags is the so-called
effective tagging efficiency (1 — 2 py )2, where the efficiency represents the fraction of events for
which a flavour tag exists angy is the mistag probability indicating the fraction of evewith a wrong
flavour tag. The mistag probability is related to the dilati®, another quantity used to express the
power of a flavour tag:
D=1-2pw. (50)

The dilutionD is defined as the number of correctly tagged evéfgsminus the number of incorrectly
identified eventsVy, divided by the sum:
_ Nr— Nw

AW 51
N T Ny (51)
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Fig. 4.7:(a) Schematic sketch of a typidaB event. (b) A simplified picture éfquark fragmentation int@ mesons.

Fig. 4.7(a) is a sketch of BB event showing th& andB mesons originating from the primary
production vertex and decaying at a secondary vertex itidgcaossible flavour tags on the decay vertex
side (§ST) and opposite sidddp, K, Qje:).

3.2.1. Decay flavour tagging

Several techniques are used to determineé theark flavour at decay time. The B flavour can be identified
by the charge of a lepton from a semileptoBidecay. In a prompt — ¢~ decay, the charge of the lepton
reflects theb flavour. However, other processes can also give a leptoreifirthl state such as cascade
decaysh — ¢ — ¢T resulting in a wrong sign tag, right sign cascade dedays W~ — ¢ — (,
semileptonicr decaysh — W~ — 7= — {~ orb — J/¢X — (* decays giving both sign leptons.
These processes resulting in wrong sign leptons can be esgmat by using the lepton momentum or
transverse momentum with respect to thet axis.

The b quark flavour can also be inferred from the charge of a repgetsid charm mesorD(~
from BY or D5 from BY) or that of a kaon assumed to come fromh a» ¢ — s transition. In fully
inclusive analyses, the flavour can be obtained from the jet charge (see Eq. (52) )chiaege of a
reconstructed dipole or from multitags as further detaife8ec. 3.4.

3.2.2. Production flavour tagging

Methods to tag the productidnquark flavour differ somewhat between high energy collideEsP, SLC,
Tevatron) and thé factories. At high-energy colliders, the production flavtags can be divided into
two groups, those that tag the initial charge of &ljiark contained in thB candidate itself (same side
tag) and those that tag the initial charge of the other qugrkroduced in the same event (opposite side
tag).

Same side tagging methods exploit correlations ofBH&avour with the charge of particles pro-
duced in association with thg meson. Such correlations are expected to arise frgomrk hadroniza-
tion and fromB** decays. It has been suggested [88] that the electric chaygrticles produced near
a B meson can be used to determine its initial flavour. This canrakerstood in a simplified picture
of b quark fragmentation as shown in Fig. 4.7(b). For exampla,bifjuark combines with @ quark
to form aB~ meson, the remaining quark may combine with d quark to form ar*. Similarly, if a
b quark hadronizes to forma’ meson, the associated pion would be™a A similar charge correlation
is expected for a charged kaon produced in association visthraeson. Decays of the orbitally excited
(L = 1) B* mesonsB**? — B®*x~ or B** — B®0x+ also produce pions with the same charge
correlation. This tagging method has been successfullg isexample at CDF [89,90].

There are several methods of opposite side flavour taggiflyistsated in Fig. 4.7(a). The meth-
ods using a lepton from the semileptonic decay d &adron, a kaon or the presence of a charmed
particle from the othe3 hadron in the event, were already discussed above.
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The technique based on the jet charge exploits the facthkanbmentum weighted sum of the
particle charges of ajet is related to thé-quark charge. In the most basic form, the jet charge can be

defined as:

Qs = 22 - (Pi - @)

jet — = 9
dibica

whereg; andp; are the charge and momentum of tracik the jet anda is a unit vector defining the
jet direction. On average, the sign of the jet charge is timeesas the sign of thé quark charge that
produced the jet. More sophisticated weights (€7§.- a)") or track impact parameter information are
often introduced to improve theflavour separation. The jet charge can also be used as a sdertagi
if tracks from primary vertex can be efficiently distinguéshwith respect to those from secondary decay
vertices.

Other tagging methods include the charge dipole methodailras of reconstructing thiehadron
decay chain topologically. This method has been utilizeSL4d taking advantage of the superb decay
length resolution of the SLD CCD pixel vertex detector toagege tracks from th8 decay point from
tertiary tracks emitted at the charm decay vertex [91]. Agbalipole is defined as the distance between
secondary and tertiary vertices signed by the charge difter between them (see also Sec. 3.4.).

(52)

Another interesting production flavour tagging method igilable at SLD. It exploits the large
polarized forward-backward asymmetryin— bb decays [92—95]. This flavour production tag makes
use of the large electron beam polarizatiBn ~ 73% at the SLC collider. A left- or right-handed
incident electron tags the quark produced in the forwardisinere as & or b quark with a mistag rate
pw of 28% at nearly 100% efficiency [91].

At asymmetrice™ e~ B factories,BY — BY pairs are produced through th&45) resonance with
a boostsy = 0.425 and 0.55 at KEKB and PEP I, respectively. The two neuiaimesons produced
from the Y (4S) decay evolve in time in a coheref-wave state where they keep opposite flavours
until one of theB; mesons decays. From this point in time onwards, the dshereson follows a time
evolution according to the expressibn—T121 (1£cos AM At) whereAt is the proper time difference
between the two B decays. Hence, the production flavour tamefof theB mesons can be taken as
the decay flavour tag of the other. The main flavour taggindhou currently used at BaBar and Belle
includeb — ¢~ lepton tagging and — ¢ — s kaon tagging.

It is common to combine different production tags in an d&tidn analysis to achieve mistag
probabilities ofpy ~ 26% at LEP [96—101] or even 22% for SLD [102]. An equivalent figitoe CDF
in Run| of the Tevatron iy, ~ 40% [103]. Effective mistag probabilities ofy ~ 24% are achieved
by the BaBar and Belle experiments [104,105]. It is inténgsto mention that the effect cBg and
BY mixing substantially decreases the tagging power of oppasile tagging methods at high-energy
colliders while mixing of the other B meson (i.e. the coheémixing occurring before the first B decay)
does not contribute to a mistag probability at theLs).

3.3. Analytical description of oscillation analyses

A physics function of the fornTe=!"* (1 4 cos AM t) is used to describe the signal in B oscillation
analyses. At high energy colliders such as LEP, SLC or thatifew, theB meson decay proper tinte
can be obtained from a measurement of the distédngcbetween thd production vertex and thé decay
vertex. The proper timeis related to the decay distanée; and to the boosty by

Y

At asymmetrice™ e~ B factories, the proper time differenc®t between the tw@ candidate decays is
the relevant measure. Itis computed as:

At = Az/Be, (54)
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whereAz is the spatial separation between the fdvdecay vertices along the boost direction.
The uncertainty on the decay timag can be expressed in units of tRdifetime 7 as

2 2
o _ J (J(LB)> n <LJ(PB)) where LY = crp - pp/Mp. (55)

B L% ™ P

The proper time resolution; depends on the uncertainty L) to infer the decay length from the
primary to theB decay vertex and on thB momentum resolutiom (pz). Note that the latter uncer-
tainty scales witht /7, while the vertexing resolution is independent of the prdpee and only adds a
constant error.

The dependence of B oscillations on the proper time resoludind other detector effects is
illustrated in Fig. 4.8. Rather than plotting the mixed amdnixed probabilitiesP,,mix/mix(t) =
1/2 Te™"* (1£cos AM t) as introduced in Eq. (27) and Eq. (26), it is customary in Blla¢on analyses
to either determine a mixing asymmet#y,,;, or to calculate the fraction of mixed ever#s,i,

Pmix

Amix = % = COS AMt, meix = m = (1 — COS AMt)/Q (56)

As an example, Fig. 4.8(a) shows the oscillation patterd gf, for AM = 5 ps~! assuming an
ideal case with perfect tagging, ideal proper time resotuind no background. The reduction of the
amplitude due to a finite decay length resolution is shownidgn #.8(b). Figure 4.8(c) indicates what
happens when the resolution of the (silicon) vertex detdstaot sufficient to resolve the oscillations:
Anix is completely smeared out and oscillations are no longdslgisThe effect of a finite momentum
resolution is displayed in Fig. 4.8(d). Since the uncetyagm the proper time coming from the momen-
tum resolution is linear in proper tinteas seen in Eq. (55), the rapid oscillation damps in timeeanthié
first few “wiggles” can still be seen completely. The ostitda amplitude is reduced if a mistag proba-
bility is introduced, as can be seen in Fig. 4.8(e). Finatiya real measurement, background will also
be present which additionally reduces the relative impmeeof the oscillation amplitude. The effect of
background on the mixing amplitude, in addition to a finitealelength and momentum resolution, as
well as a non-zero mistag probability, is shown in Fig. 4.8{ote, however, that this “realistic” distri-
bution is based on half a million signal events. Imagine threesponding error bars for a measurement
with a few hundred signal events and an oscillation frequeicA M = 20 ps™.

In aBY mixing measurement, a value far)M is usually extracted from the data using a maximum
likelihood method. In the following, we illustrate some bétessential steps fori) analysis determin-
ing AM, in more detail. We use the example of an analysis where lke{sinlike-sign) events describe
mixed (unmixed) events as would be the case, for exampledilepton analysis. The total probability
to observe a like-sign tagged event at the reconstructqeeptonet,... is:

Pllke (treC) = be Z qupI/I;l ;Ieuc.Bq (treC) + fo Z qu(l - pm?) ;lencr.r]l%q (treC) +

q=d,s q=u,d,s,baryons
bkg.
fbkg.(l - pr )Pbkg.(trec) (57)

and correspondingly for an unlike-sign tagged event:

. B ix B ix
’P“nllke(trec) = fbl; Z qu(l — pw?) ireuc.Bq(trec) + fb Z qupI/I;l,PEEmI (trec) +

q=d,s q=u,d,s,baryons
bkg.
fbk:g.pr Pbkg. (trec)' (58)

where f,; is the fraction ofbb events angh!;, are the mistag probabilities. The probabth’}f;ingq(tmc)

to observe the mixed ﬁor BS mesons at proper timg... is the result of a convolution of the oscilla-
tion probability function as given in Eq. (26) and Eq. (27}wihe detector resolution functioR and
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Fig. 4.8: lllustration of various detector and analysis effects oa thixing amplituded.ix: (a) perfect resolution, (b) good

decay length resolution, (c) poor decay length resolut{o finite momentum resolution, (e) mistag probability af)dlécay

length and momentum resolution plus mistag including bexckg.

weighted with an acceptance functidc(t)

,P(un)mix

rec.Bqg (tv"ec) = /0 Acc(t)R(trec — 1, t)Pl(gl;n)mix(t)dt. (59)

To extract the value\ M of the oscillation frequency, the following likelihood faimon is mini-

mized :
> >

like—sign unlike—sign

L=— In(PY*e(tpee)) — In(PUke(t,..)). (60)

In order to fully exploit the available statistics, more bigicated mixing analyses make use of
those variables on an event-by-event basis, or often dilielevent sample into classes with e.g. different
tagging capabilities.

3.3.1. The amplitude method

For AM, measurements, the amplitude method [106] is used to sdasliomi AN, and to combine
results from different analyses. For the mixed and unmixge\Bnts an amplitudd is introduced in
the expressions describing the mixed and unmixed prokiabili

; 1
Ppo™™ = §FBSe_FBSt[1 + A cos AMt] (61)
and similarly:
; 1
Pro* = §FBSG_FBSt[1 — Acos AMt] (62)
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The amplitude method works as follows. B{ oscillation amplitudeA and its erroro 4 are ex-
tracted as a function of a fixed test value2ol/; using a likelihood method in analogy to Eg. (60) based
on the physics functions defined in Eq. (61) and Eq. (62). Terg good approximation, the statistical
uncertainty or4 is Gaussian and the experimental sensitivity is :

1
S= o~V N/2 fuig (1 = 2py) e~ (AMa0*/2 (63)

where N and f, are the number of candidate events and the fraction of sigrthke selected sample,
pw is the mistag probability to incorrectly tag a decay as migednmixed characterizing the effective
flavour tagging efficiency as discussed in Sec. 3.2. agnslthe resolution on proper time or proper time
difference in the case of the B factories. The sensitifitgecreases rapidly a8 M increases. This
dependence is controlled by.

If AM; equals its true value\ M/, the amplitude method expects = 1 within the total
uncertaintyo 4. If AM, is tested far below its true value, a measurement consistghtA = 0 is
expected. A value oA M, can be excluded at 95% C.L.4f + 1.64504 < 1. If the trueBg oscillation
frequencyA M ¢ is very large, far above the experimental sensitivity== 0 is expected to be measured
and all values ofA M such thatl.645 04 (AM,) < 1 are expected to be excluded at 95% C.L. Because
of proper time resolution, the quantitys(AM;) is an increasing function oAM;. It is therefore
expected that individual values é&f M can be excluded up tA M, where AM™ is called the
sensitivity of the analysis defined Qy645 o 4 (AM:"®) = 1. The results from different analyses and
experiments can be combined by simple averaging differmplitude spectra.

3.4. Description of oscillation analyses

Many different analysis methods have been devised to sBidgnd B mixing. These range from
fully inclusive to fully exclusive analyses and, thus, thafer significantly in terms of selection effi-
ciency, sample purity and mistag rates. Moreover, they noakeof various production and decay tags.
The methods also differ in the techniques used to reconidtied decay length and to estimate tBe
momentum, and therefore have different proper time reisolsit In the following, analysis methods de-
veloped to measura M, are discussed first and those used in the seardb’foscillations are presented
afterwards.

3.4.1. Bg—ﬁg oscillation analyses

Exclusive methods

The most straightforward and cleanest method relies onxbleisve reconstruction of tth decay
chain. However, because of its low efficiency, it has onlyergly become accessible with the advent
of eTe~ asymmetric B factories. Using samples-080M BB events, BaBar [107] and Belle [108]
reconstruct the decayB) — D™ ~7+, DX~ p+ DH=af, J/YK*° (BaBar), andB) — D&~ rt,
D*~pT (Belle), where charmed mesons are fully reconstructed veraéD*~ and D" decay modes.
Very clean signals are obtained, see Fig. 4.9, and the demayufl is unambiguously determined by the
charge of théD*) meson (or the charged kaon in case of fig’K* decay).

The average separation of the tBaecay points ig\z = 255 (200) pm with o, ~ 180 (140)um
for Babar (Belle), which corresponds to a resolutionfon(Eq. 54) of about.1 ps. For a measurement
of the B oscillation frequency it is therefore critical to have gammhtrol over the resolution. Table 4.5
summarizes the number of events, signal mode purity anduptimah flavour tag information for these
as well as all other analyses presented below.
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Decay modes Analysis Events/Signalfme.qe  Production flavour tag
BY — D™~pte  BaBar exclusive [107] 7380/6347  86%  Multiple tags
J /KO Belle exclusive [108] 8325/6660  80%  Multiple tags
BY — D*~xt Belle semi-incl. [116] 4899/3433 70%  Lepton
B) — D®~-X  ALEPH semi-excl. [113]  4059/2395  38?% Lepton+jet charge
CDF semi-excl. [103] 874/358 27%  Lepton
DELPHI semi-excl. [114] 10030/4212  27?% Jetcharge
OPAL semi-excl. [112] 347/253 48%  Lepton
BY — D™~¢+ty  BaBar semi-excl. [109] 17506/14182 74%  Multiple tags
Belle semi-excl. [110] 16397/15118 80%  Multiple tags
CDF semi-excl. [111] 888/530 Lepton
CDF semi-excl. [89] 16266 Same-side tag
OPAL semi-excl. [112] 1200/926 65%  Jetcharge
DELPHI semi-incl. [114] 5958/4135 59%  Jetcharge
OPAL semi-incl. [115] /7000 36%  Multiple tags
BY — X(tv BaBar semi-incl. [120] 99k/ 37%  Lepton
Belle semi-incl. [121] 281k/ Lepton
ALEPH semi-incl. [113] 5957/ Lepton
CDF semi-incl. [117] 5968/ 39%  Leptomf)
CDF semi-incl. [103] 10180/ Leptoref)
DELPHI semi-incl. [114] 4778/ 33%  Lepton
L3 semi-incl. [119] 1490/ Lepton
L3 semi-incl. [119] 2596/ 34% Lepton (impact parametgr)
OPAL semi-incl. [100] 5357/ Lepton
ALEPH semi-incl. [113] 62k/ Jet charge
CDF semi-incl. [118] 13k/ Lepton+jet charge
DELPHI semi-incl. [114] 60k/ 29%  Jetcharge
OPAL semi-incl. [101] 95k/ 30%  Jetcharge
L3 semi-incl. [119] 8707/ Jet charge
SLD semi-incl. [93] 581/ 51%  Polarization+jet charge
SLD semi-incl. [92] 2609/ 31%  Polarization+jet charge
BY — all ALEPH inclusive [123] 423k/ 35%  Jetcharge
DELPHI inclusive [122] 770k/ 40%  Multiple tags
SLD inclusive [94] 3291/ 60%  Polarization+jet charge;
Charge dipole decay tag
SLD inclusive [94] 5694/ 60%  Polarization+jet charge;
Kaon decay tag 1993-95
SLD inclusive [95] 7844/ 60%  Multiple tags;
Kaon decay tag 1996-98

@ p+ stands forr ™, p*, a; .

Table 4.5:Summary oBY mixing analyses showing the signal decay modes, analysiooeotal number of selected events

and estimated signal, fraction of signal decay mode in thecsed sample f..4e), and production flavour tag.
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Fig. 4.9: Distributions of beam-energy substituted mass for exetigireconstructe®’ decays in the BaBar (left) and Belle

(right) analyses.

Semi-exclusive methods

Several analyses have combined an identified lepton withyareconstructed charmed hadron. Gener-
ally, the presence of B**)~, with charge opposite that of the lepton, tags the decayRf meson. This

simple picture is complicated by decays of the tie — D***¢+1, where the ™ decays into &)~
meson.

Measurements have been performed at B factories by BaBat gl Belle [110] and at high
energy colliders by CDF [111,89] and OPAL [1123) mesons are partially reconstructed in the mode
BY — D™~ ¢+y, where theD*~ or D~ meson is fully reconstructed. The selection relies on theki
matical properties oBY and D™~ decays. In particular, the lo@ value of the decap*~ — D%r~
is exploited to identifyD*~ mesons efficiently and cleanly. Fig. 4.10 shows the massrdifiteAM =
M (D*~) — M(DY) in the BaBar and OPAL analyses. Signal purities range fre#8% to~90% for the
different experiments, depending mostly on ibfédecay mode.

In order to increase the selection efficiency, analyses g [113], CDF [103], DELPHI[114],
and OPAL [112] selecB} — D®*)~X decays, where th®*)~ meson is also fully reconstructed.
Despite the more inclusive nature of this method, the ifieation of aD*)~ decay guarantees that the

BY purity remains high. Howevebp tagging is generally needed to suppress the significant aunfb
D*~ produced ince events.

Semi-inclusive methods

One of the semi-inclusive methods selddfs— D*~ /v decays without attempting to fully reconstruct
theD° meson but only the lepton and the slew from theD*~ — D%z~ decay. This partial reconstruc-
tion method yields much larger data samples than obtaintdtixé exclusive reconstruction but suffers
from higher background. It has been applied by DELPHI [114] &PAL [115]. The combinatorial
background can be studied with same-sign lepton-pion paidg\ M side bands. ThB* — D0ty
component needs to be estimated from the simulation.

A similar technique is used by Belle [116] to reconstrBft — D*~ 7" decays. In this analysis,
only the fastr* and the slowr™ are reconstructed. This information is sufficient to coreptiie D°
missing mass, assuming that tB§ meson is at rest in th& (4S) rest frame and using energy and
momentum conservation. The event is required to contaimglamomentum lepton to tag the other B
meson flavour and to suppress the large Bdhbackground. This method is only possible at gS)
where sufficient kinematical constraints are available.
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Fig. 4.10:Distributions of the mass difference betwdzfi and D° candidates for BaBar (left) and OPAL (right). The BaBar
distribution is shown foD*~e* v candidates. The distributions on the right correspond rtodeD® — K=~ (top) and

D% — K7~ 7° (bottom), where the?® is not reconstructed.

The most widely used method relies on the inclusive recoastm of semileptonic decays. At
high energy colliders, it has been employed by ALEPH [1130FJ117,118,103], DELPHI [114],
L3 [119], OPAL [100,101], and SLD [93,92]. This method is eifint since the decay rate f&) —
X /(v is approximately 20% (using electrons and muons) and thaydflavour tag is excellent. A
high-p and highpr lepton is selected to suppress the contribution from castegatons (fromb — ¢ —
¢+ transitions) and the accompanying charmed hadron (deridt&ih the following) is reconstructed
inclusively using charged tracks in the jet containing #gdn. The position of thB decay vertex and
the B momentum are obtained using algorithms that aim to clagsitks as coming from either primary
or secondary vertices. THedecay vertex is then obtained by intersecting the trajextaf the lepton
and that of & candidate.

The analyses are combined with a variety of different prédadlavour tags and are thus referred
to as “dilepton”, “lepton-jet charge” and “Multiple tagshalyses (see Table 4.5).

Dilepton analyses have also been performed by both BaB&ai Hritd Belle [121]. Here, there is
no attempt to reconstruct thiedecay and the time difference is extracted directly fronstgaratiom z
between the intersections of the two leptons with the bedam BMomentum and angular cuts are applied
to reduce the wrong-sign background from cascade leptarthelBaBar analysis, the main background
consists ofBTB~ events and is determined to b&5% and the main source of mistag originates from
events containing one direct lepton and one cascade legatoointing to 13% of the total sample.

Inclusive methods

A few analyses rely on fully inclusive techniques to selacgé samples d8Y decays. These techniques
aim to capture most decays by using topological vertexing fék the semi-inclusive methods, the
selection algorithms generally do not provide any enhaecerim theBY purity. The primary issue here
is the decay flavour tag.

SLD uses two different decay tags: the charge of a kaon cofmamg the B decay chain [94,95]
or the charge dipole of the secondary vertex [94]. Theseyaseslrequire the net charge of all tracks
associated with the decay to be zero to enhancéagr‘ﬁeaction from~40% to~60%. The kaon decay
tag is more efficient than the lepton decay tag but has a woirsagrrate 0i~20%. The charge dipole
technique takes advantage of 115%—> D~ X dipole structure and the fact that tB% andD~ vertices

168



are separated along tf) line of flight due to the finite charm lifetime. For i) analyses the charge
dipole is defined as the difference between the weighted reeation of the positive tracks and of the
negative tracks along the axis joining the primary and séapnvertices. The track weights account for
the uncertainty in determining the location of each trackpaitive (negative) charge dipole tags the
decay flavour of thé? (B%) meson.

At LEP, DELPHI [122] also developed a fully inclusive methbdsed on the charge dipole tag.
The vertex algorithm uses topological and kinematical nmfation to separate primary and secondary
tracks. A secondary lepton is found in a subset of the verticwl provides the decay flavour tag (these
leptons are referred to as “soft” leptons since decays wigh p and py are used in other DELPHI
analyses). For the remainder of the sample,Rhdecay products are boosted back into Bxeneson
rest frame and a charge dipole is formed between the forwaddbackward hemispheres (as defined
by the thrust axis). Given that the forward (backward) h@mmese contains mostly tracks from the
D (B) decay vertex, one expectsd& charge difference between the two hemispheres. The ALEPH
inclusive analysis [123] reconstructs topological vesicn both event hemispheres as in the inclusive
semileptonic analysis. The flavour tagging is performed dyputing the product of the jet charges in
the two hemispheres of each event. This product thus combpirmeluction and decay flavour tags and is
sensitive to whether mixing occurred or not.

Table 4.5 summarizes the differeB mixing analyses. It should be noted that this Table provides
only an approximate representation of the performance df aaalysis. The reader is referred to the
specific papers for more detailed comparisons.

3.42. BY andES oscillation analyses

The study of time dependeBf oscillations has been performed with a wide range of aretgshniques
at high energy colliders. The study Bf oscillations is more challenging than thatiRff oscillations due

to two main differences. Only about 10% ofjuarks hadronize intB? mesons, as compared to about
40% intoBY mesons. The!? oscillation frequency is expected to be at least a factorOdfRyer than
that forBY oscillations. To address this, sophisticated analyses be&n developed with an emphasis on
lowering the mistag rate, increasing tB& purity and, especially, improving the proper time resalnti

all of which affect the sensitivity t@? oscillations.

Exclusive methods

Fully exclusive analyses have been performed by ALEPH [H2¢] DELPHI [98] via the (all charged
particles) mode8? — D; 7", D a;, DK, 5OK‘a{r (last two for DELPHI only), where th®
andD" are fully reconstructed in several decay modes. The dé8ys D*~r+, D*~a} andD{") ™ p*
are also reconstructed by adding one or more photons to ihednal states (ALEPH only) or by
considering the events falling into the “satellite” masgioa below theB? mass peak.

The number of selected signal decays is small (see Tablédt@he method provides excellent
proper time resolution for two reasons. As there is no mgsparticle in the decay (at least for events
in the main peak), thBY momentum is known with good precision and therefore theridartton of the
momentum uncertainty to the proper time resolution is sn#ad a result, unlike all other methods,
does not grow significantly when increasing the proper tirme addition, the reconstructed channels are
two-body or quasi two-body decays, with an opening angléeif tdecay products which is on average
larger than that in multi-body final states; this results beger accuracy on the B decay length. Despite
the limited statistics, this method contributes to the ptati B? oscillations at the highest values of
AM,. As detailed in Sec. 3.7., this is the preferred method fartustudies oB? oscillations at hadron
colliders.
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Semi-exclusive methods

Many analyses have been developed with semi-exclusiveauetB’ decays are partially reconstructed
in the modes3? — D ¢*1,X andB? — D; h* X, whereh represents any charged hadron (or system
of several hadrons) and tli¥, meson decay is either fully or partially reconstructed mitiodeD; —
¢, KK, K9K~, ¢p~, KK*~, pn~ 77—, ¢¢~ 7, $h~ X. Partial reconstruction i, ~* modes

has the benefit of larger statistics but Ibg/* v, X channel has the advantage of a considerably higher
B purity, lower mistag rate and higher proper time resolution

Analyses in the mod8? — D7 /*v have been performed by ALEPH [124], CDF [125], DEL-
PHI [126] and OPAL [127]. Selection dD; decays proceeds as described above. CDF only uses
a partial reconstruction of the modg;, — ¢n~X. Some background suppression (especially from
B — D,DX) is achieved by requiring that the lepton and Ihie comes from the same vertex.

The hadronic channds! — D, htX has been used by DELPHI [98] and SLD [128]. Fully
reconstructed; decays are selected only in the modEs — ¢~ andK*K~ because of their lower
background levelD; candidates are then combined with one or more secondakstraéormB? decay
candidates. Among" decays contributing to thB; signal, approximately 10% have the wrong decay
flavour tag due to the proce$® ™ — DI (b — ces transition). This source of mistag is essentially
absent in the semileptonic analyses. Despite lower statighe SLD analysis contributes to ¢
oscillation sensitivity at largé\ M, thanks to its excellent decay length resolution (see Taldle 4

Semi-inclusive methods

The semi-inclusive lepton method, based on the proBdss: X/*v,, is the most sensitive method at
LEP and has been used by ALEPH [124], DELPHI [126], OPAL [1284 SLD [130]. The principle of
the method (see the discussion above in the ca$) ofiixing) is to reconstruct th®; inclusively by
relying on topological vertexing and kinematical inforioat Fairly loose criteria are applied to select
large event samples, see Table 4.6.

For this method, it is important to reduce the contributiconf cascade decays and to increase the
BY purity of the sample8! mesons represent about 10% oftaladrons produced, see Table 4.4). To
enrich the sample in dired®’ semileptonic decays, the following quantities are usedmertum and
transverse momentum of the lepton, impact parameters trhalts in the opposite hemisphere relative
to the main event vertex, kaons at primary or secondaryocasiin the same hemisphere, and charge of
the secondary vertex. Those variables are usually comliingdlobal discriminant variable. The result
of this procedure is to increase tBd purity by about 30; the corresponding mistag rate at decay is
~10% or less. The above information, as well as the proper t@mselution, is then used on an event-
by-event basis. As an example, Fig. 4.11 shows the neunabrlebutput distributions sensitive to the
b — ¢~ fraction and théB? purities in the ALEPH data. The decay length resolution imeehat worse
than in the case of semi-exclusive analyses due to missingssassigned tracks.

Inclusive methods

Fully inclusive methods are sensitive to mastdecay modes and, thus, have high efficiency. Such
techniques have been developed by DELPHI [122] and SLD [131je analyses rely on inclusive
topological vertexing to seled decay products and to reconstruct BBalecay vertex. The DELPHI
analysis is the same as the one described earli@onixing. A very large data sample is obtained but
the mistag rates are high (see Table 4.6). SLD is able to ixpexcellent 3D spatial resolution of its
CCD-pixel vertex detector to cleanly separate the chargesdyd products from secondary (originating
directly from theB decay) and tertiary (originating from cascddealecays) vertices. The decay flavour
is determined from the charge dipd€@ defined as the distance between secondary and tertiargegerti
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signed by the charge difference between them. Positiveativey values oBQ tagB° (B®) decays as
shown in Fig. 4.12.
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Table 4.6 summarizes the differeBf mixing analyses. It should be noted that the Table presents
only the average performance of the analyses and that malstsas substantially increase their sensi-
tivity by relying on event-by-event information.
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Decay modes Analysis Events/Signalfiode pW oL op/p
BY — D{Y " hte  ALEPH [124] 80/29 36% 0 18@m  0.005 (peak)
exclusive 0.03 (satellite
B? — D{’"h+e DELPHI[98] 44123 52% 0 117m (58%) °
DOK—h'* exclusive 216 um (42%)
B — D X DELPHI [98] 3079/1266 50% 10% 260m (77%) 0.10 (77%)
semi-excl. 304um (13%) 0.26 (23%)
650um (10%)
SLD [128] 361/174 55% 10%  50m (60%) 0.08 (60%)
semi-excl. 151pm (40%) 0.18 (40%)
B? — D¢ty ALEPH [124] 333/156 47% 24pm 0.11
semi-excl.
CDF [125] /1068 61%
semi-excl.
DELPHI [126] 1436 53% 20Q:m (82%) 0.07 (82%)
semi-excl. 740um (16%) 0.16 (16%)
OPAL [127] 244/116 48% 50pm 0.10
semi-excl.
B? — X/tv ALEPH [124] 74K/ 10% 13% 251um (75%) 0.064 (60%)
semi-incl. 718um (25%) 0.020 (40%)
DELPHI [126] 68k/ 10% 8-18%
semi-incl.
OPAL [129] 53k/ 8% 12%
semi-incl.
SLD [130] 2k/ 16% 4%  55m (60%) 0.06 (60%)
semi-incl. 217pm (40%) 0.18 (40%)
B? — all DELPHI[122]  770k/ 10% 43% 400pm 0.15
inclusive 33%
SLD [131] 11k/ 16% 22%  7@&m (60%) 0.07 (60%)
inclusive 304 um (40%) 0.21 (40%)

@ p* stands forrt, p*, af andh’'* stands forrt, a; .

® For the best data subs&{ peak and 1994-95 data).
¢ Evaluated at = 1 ps for the best subset of data.

4 Fraction of nontb — ¢~) decays.

¢ For 615k vertices with charge dipole tag.

f For 155k vertices with soft lepton tag.

Table 4.6:Summary oB? mixing analyses showing the signal decay modes, analyshooheotal number of selected events
and estimated signal, fraction of signal mode in the setbstnplefmode, decay flavour mistag ratey for BY decays, decay
length and momentum resolutions. For semi-exclusive aralythe number of signal events corresponds to the numiber of
signal decays (not the number of signal events in the seletdeay mode) and,..q. represents the fraction a® in the D

signal.
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Fig. 4.13:Examples ofA M, results from (a) CDF (Ref. [118]) and (b) BaBar (Ref. [120fee text for details.

3.5. Bg oscillation results. Measurement of theA M frequency

As detailed in Sec. 3.4., many methods and channels haveuseerto studyB)-BY oscillations. These
analyses have been performed by the ALEPH [113,123], BaEat,109,120], Belle [108,110,116,121],
CDF[89,90,103,111,117,118], DELPHI[98,114,122], L39),10PAL [112,115,100,101] and SLD [92-
95] collaborations.

In the following, we will discuss the results of a few repmsgive measurements @M.
Fig. 4.13(a) showss the fraction of mixed events as a funotibproper decay length for a semi-
inclusive analysis at CDF using a lepton sample with an sie&ly reconstructed vertex combined,
on the opposite side, with a lepton and jet charge tag to thiemproduction flavour [118]. Although
this analysis is based on about 240,000 events, the totghthef the oscillation amplitude is small
(~ 0.05) due to an effective tagging efficiency ofl — 2py)? ~ 1% for each tag yielding a value of
AM,y = (0.500 £ 0.052 & 0.043) ps~L. In this analysis, a large mistag ratg resulting in(1 — 2py)
being small is compensated by the number of ev@ntseing large (see Eq. (63)). This result can be
compared to a measurement from BaBar [120] based on abd®00 neutralB mesons fully recon-
structed in multihadronic modes (mainBf, — D®) X). An opposite lepton and kaon tag with low
mistag fractions opyy ~ 8% and~ 16%, respectively, are the reason for an oscillation amplitafie
~ 0.5 in the mixed asymmetry as shown in Fig. 4.13(b). Note thassizd! error on theA M, value
obtained by BaBar for this analysi®\M,; = (0.516 & 0.016 & 0.010) ps~!. From this example we
can see the trade-off between a poor tagging power in hidistata B samples produced for example
in a hadronicpp environment at the Tevatron and lower statistics analystssuperior tagging and low
mistag probabilities in ae™e~ environment for example at the B factories. In addition, paned to
inclusive methods, analyses with fully reconstrucBethesons have a higher sample purity.

Fig. 4.14 shows the result of two othétM,; analyses. One of the most precise single mea-
surements performed at th#&” resonance is an inclusiv®* analysis by OPAL [115] usin@3® —
D*~¢+v decays. High statistic®*~ — D%z~ decays were reconstructed using the stow from
the D*~ decay while inferring théd” with an inclusive technique. Same-sign lepton-pion paaryes
to constrain the combinatorial background in the opposija Epton-pion pair signature. A clear os-
cillation signal is observed in the fraction of mixed eveasscan be seen in Fig. 4.14(a). A value of
AM,; = (0.497 £ 0.024 £ 0.025) ps~! is extracted. Another example of a precidé/; analysis at
the Z° pole by DELPHI is shown in Fig. 4.14(b). A sample of 770,00@res with an inclusively re-
constructed vertex has been selected. Tags based on sesashting variables such as the jet charge,
dipole charge and the transverse momentum of the (sofriephve been combined into a probability
to determine the fraction of like-sign events as displayeéig. 4.14(b). DELPHI obtains a value of
AMy = (0.531 4 0.025 + 0.007) ps*.
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Fig. 4.14:Examples ofA M, results from (a) OPAL (Ref. [115]) and (b) DELPHI (Ref. [122Fee text for details.

In order to combine all individuah M, results to obtain a world average value, possible statistic
correlations between individual analyses have to be tak@naccount and also the systematic errors
which are often not negligible have to be combined propérhe main sources of systematic uncertain-
ties are determinations of sample compositions, mistalggimtities, b hadron production fractions and
contributions fromb hadron lifetimes. Before being combined, the measurenmsmet@djusted on the
basis of a common set of input values. Details of the avegagincedure are described in Ref. [85].

A compilation of all AM,; measurements available as of the 2002 ICHEP conferencebecan
found in Fig. 4.15. The individual results from each expenitnare combined and averaged using the
procedure described above. There exist also time-inegjr@aeasurements Blg mixing from the AR-
GUS [132,133] and CLEO [134,135] collaborations which cancbnverted into a value fak M, as-
suming the width differencé\l’, in the B} system to be zero and ®@P violation in BY mixing. The
quoted world average, at the bottom of Fig. 4.15, also iredyg measurements by ARGUS and CLEO.
The A M, averages per experiment are displayed in Fig. 4.16.

The different results from the combination procedure ard:[8

0.491 + 0.041
0.498 £0.013
0.503 £ 0.007
0.503 £ 0.006

ps— ! Argus-CLEO (fromyy)
ps—! LEP-SLD-CDF

ps~! Belle-BaBar

ps—' world average

(64)

(
AMy = ¢
(

N — — —

At the end of the LEP-CDF-SLD erd\ M, has been determined with a relative precision of about
2.6%. The LEP-CDF-SLD results are in excellent agreement wigtBblle-BaBar measurements. After
the inclusion of the results from factories, the precision oA M, is improved by a factor of two. The
world averageBg mixing frequency is now dominated by the resultBadfactories.

3.6. Results orB? oscillations. Limits on the A M, frequency

BS—ES oscillations have also been the subject of many studies bigRPHL [96,97,124], CDF [125],
DELPHI [98,99,126,136], OPAL [127,129] and SLD [102,12&)1131]. No oscillation signal has been
observed to date. To set lower limits on the oscillation dieapy A M, all B mixing analyses use the
amplitude method [106] described in Sec. 3.3.1.
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Fig. 4.15:Individual and combined measurementsXa¥/,; at B factories, LEP, SLD and CDF as of the ICHEP 2002 confer-

ence [87]. The quoted world average, at the bottom, alsaithesy ; measurements performed by ARGUS and CLEO.
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Fig. 4.17: Examples of measureB? oscillation amplitudes as a function of the mixing frequercM, from (a) ALEPH

(Ref. [124]) and (b) SLD (Ref. [131]). See text for details.
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Two examples of measurékf oscillation amplitudes as a function of the mixing frequedch/,
are shown in Fig. 4.17. The ALEPH collaboration recentlyspréed an improved search 8f oscil-
lations combining three analyses based on different fimaést[124]. First, fully reconstructed decays
of B mesons yield a small sample Bf candidates with excellent decay length and momentum resolu
tion. Semileptonic decays with a reconstruckgtl meson provide a second sample with larger statistics,
high BY purity but with a poorer momentum and decay length resaiutioe to the partial decay re-
construction. Finally, semileptoni8 hadron decays are inclusively selected and yield the datalea
with the highest sensitivity t®? oscillations since the higher statistics compensateshiidw aver-
ageB purity and the poorer proper time resolution. Fig. 4.17taves the fitted amplitude spectrum
as a function ofA M for the third sample. From this inclusive semileptonic skgione, ALEPH ex-
cludes all frequencies below 11.5Pswhile the combined 95% C.L. limit from all three analyseslgs
AM, > 10.9 ps.

Fig. 4.17(b) shows the amplitude spectrum from an analysiSUD [131]. This analysis deter-
mined theB flavour at production time by exploiting the large forwaraekward asymmetry of polarized
Z% — bb decays and uses additional information from the hemispbpp®site to that of the recon-
structedB decay such as the jet charge, the lepton and kaon tagsB Tlagour at decay is tagged by a
charge dipole method as explained in Sec. 3.4.2. Althouighatiralysis is based on only 11,000 decays,
it reaches a sensitivity of 8.8 ps because of the slower rise of the uncertainty on the amyglitiugk to
the excellent proper time resolution.

No BY oscillation signal has been seen so far. The most sensitaiyses are the ones based on
the inclusive lepton samples at LEP. Because of better ptope resolution, smaller data samples of in-
clusive decays analyzed at SLD as well as measurementsarsing few fully reconstructe®’ decays
at LEP, turn out to be very useful to explore the hiyiv/, region. This point is illustrated in Fig. 4.18(a)
showing theA M, sensitivities for the differenB? oscillation analysis methods. The uncertainty on the
amplitude A (actually1.645 0 4) is plotted as a function o M; combining the existing results of the
variousB! analyses methods from different experiments. The comibimaf all fully inclusive methods
crosses the dashed line corresponding to the conditiétb 0 4 = 1 used to define the 95% C.L. sen-
sitivity at about 9.5 ps!. This represents the combined sensitivity of all inclusivethods from the
various experiments. Due to the combination of high statishind adequate vertexing resolution, the
inclusive lepton methods give currently the most sensitselts. TheD[ -lepton samples also reach a
high sensitivity while the exclusive methods that attenodutly reconstruct hadroniB? decays have a
lower sensitivity because of the small numbeBdfcandidates that have been exclusively reconstructed
to date. However, the slow growth of the amplitude error far éxclusive method can be inferred from
Fig. 4.18(a). Note, the visible scattering of points for &xelusive method which results from the small
number of events contributing in these analyses.

All available results omMA M oscillations can be combined into a world average exclukmo
using the amplitude method. All data on the measuremenR? afscillation amplitudes versua M,
as provided by the experiments, are averaged to yield a cmdl@mplituded as a function oA M, as
shown in Fig. 4.18(b). The individual results have beenstdflito common physics inputs and all known
correlations have been accounted for. The sensitivitigheinclusive analyses which depend on the
assumed fractionfgo, of BY mesons have been re-scaled to a common averafie ef 0.093 £ 0.011
(see Table 4.4). Figure 4.18(b) includes all results asef@HEP 2002 conference. The measurements
are dominated by statistical uncertainties. Neighboupimigts are statistically correlated. The combined
result is [87]:

AM, > 14.4 ps—! at 95%C.L.

with a sensitivity of AMg = 19.2 ps~* (65)

Values between4.4 ps—! and~ 22 ps~—! cannot be excluded because the data appear to be compatible
with a signal in this region. The amplitude plot presents @ad®n from A = 0 at aboutAM, ~
17.5 ps~! for which a significance of- 2.2 ¢ can be derived. This means that there is not enough
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sensitivity for the observation of B’-B, signal at this frequency.

The different measurements of tB& oscillation amplitude as of the ICHEP 2002 conference are
shown in Fig. 4.19, where the amplitudes for the variousyaeasl are given ah M, = 15 ps~! along
with the relevant statistic and systematic errors. Theustgh sensitivities are also indicated Fig. 4.19
shows which analyses contribute most in the hgh/, region. Note that the individual measurements
are quoted as in the original publications, but the averamphsde the effects of adjustments to a common
set of input parameters.

Although allBY mixing results are presently limited by statistics, a déston of systematic un-
certainties in these analyses is relevant for a future nmeasent of B! oscillations. Critical analysis
parametersdy,, o, andpyy) are extracted from detailed Monte Carlo simulation andsatgect to mod-
elling uncertainties. A first level of control is typicallglieved with detailed comparisons between data
and MC. In addition, measurements from calibration samategperformed to cross-check the param-
eters directly from the data but not all critical parameteaa be tested in this manner. Of particular
importance to the sensitivity at largk M, values is the proper time resolution and, in particular, the
decay length resolution. The latter has been tested withiatyaf techniques: fit to the decay length
distribution of decays, fit for the primary vertex id° decays to light-flavour quarks, study of tracks
with negative impact parameter. These studies find that éeaydlength resolution is typically under-
stood at the 10% level or better.

3.7. Future prospects forA Mg and A M, determination

The current world averagB! oscillation frequency constitutes a measurement at atfguprecision.
It is dominated by the results of th&factories which will further improve the precision dxwn,. The
uncertainty on theBY lifetime starts to become a main contributor to the syst@matror on future
measurements aA M. A simultaneous fit of thé3 lifetime and A M, will improve this situation as
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demonstrated in Ref. [107]. For a data sample of 300 fithe BaBar and Belle experiments expect to
improve theBY oscillation frequency by a factor two, down to a precisiorabbut 0.4%

The future interest in B mixing clearly lies in a measuremehB! oscillations. Some of the
still preliminary analyses from LEP and SLD are in the praoekbeing finalized for publication while
no new measurements or improved limits are to be expectewte $ioBY mesons are produced at the
B factories and running at tH(55) resonance as a source Bf mesons is not foreseen in the near
future, the hopes of the heavy flavour community focus on #haffon Collider experiments CDF and
D@ to measuré3!? oscillations. For such a measurement it is important thatréisolution of the ver-
texing device is good enough to resolve the expected (ragici)lations while a small boost correction
will prevent the measured oscillations to damp out with praime. The path to measuR? oscilla-
tions is therefore to use fully reconstructBd mesons rather than higher statistics samples of partially
reconstructed’ candidates from e.g. semileptonic decays.

A measurement oA M, will be the next crucial test of the Standard Model probingettier the
obtained result will fit to the current constraints on the CKNingle which are all in beautiful agreement
(see results in Chapter 5). It is noteworthy to mention thatsics withBY mesons is unique to the
Tevatron until the start of the LHC in 2007.

3.7.1.

The Fermilab accelerator complex has undergone a majoadpgince the end of Runlin 1996. The
centre-of-mass energy has been increased to 1.96 TeV arMdinelnjector, a new 150 GeV proton

storage ring, has replaced the Main Ring as injector of pond anti-protons into the Tevatron. The
Main Injector also provides higher proton intensity onte #nti-proton production target, with the goal

CDF and D@ detector upgrades in Run Il at Tevatron
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to allow for more than an order of magnitude higher lumiriesit Runll officially started in March
2001. The design luminosity during the first phase of Run lir{Ra) is 5-8103! cm~2s~! for a final
integrated luminosity of 2 fo~! by the end of Run lla.

Since 1996, the CDF and D@ detectors have also undergone opgjeades [138,139] to allow
operation at high luminosities and bunch spacing of up toris3Details of the D@ detector upgrade can
be found elsewhere [139]. The main upgrade for D@ is the llaitan of a tracking system contained
in a 2T superconducting solenoid surrounded by a scirtillpteshower detector. The tracking upgrade
includes a silicon microstrip tracker which consists of Batrel segments with disks in between plus
three more disks located at each end of the tracker. In addithere are two large disks placed at
the end of the silicon tracker to increase the pseudorgpadiverage. The silicon system is enclosed
within a central fiber tracker providing momentum resolotat the level ot (pr)/pr = 0.02-0.05 for
low-pr tracks with high tracking efficiency for charged particleghwpseudo-rapidity; < 2.5. Vertex
reconstruction is expected with a resolution of 1538 in the r¢-plane and about 80m in therz-
plane. A major upgrade of the muon system together with akatrd forward scintillators will allow
D@ to trigger and reconstruct muon tracks. Thehysics triggers at D@ allow to trigger on muons and
electrons while a new Level 1 tracking trigger and a Leveliga trigger are under construction.

The CDF detector improvements for Run Il [138] were motiddbg the shorter accelerator bunch
spacing of up to 132 ns and the increase in luminosity by aeroofl magnitude. All front-end and
trigger electronics has been significantly redesigned apihced. A DAQ upgrade allows the operation
of a pipelined trigger system. CDF’s tracking devices wenapletely replaced. They consist of a new
Central Outer Tracker (COT) with 30,200 sense wires arrdrige6 layers combined into four axial
and four stereo superlayers. It also providégdk information for particle identification. The Runll
silicon vertex detector, covering a total radial area fraBt28 cm, consists of seven double sided layers
and one single sided layer mounted on the beampipe. Thersiiertex detector covers the full Tevatron
luminous region which has a RMS spread of about 30 cm alonbebenline and allows for standalone
silicon tracking up to a pseudo-rapidity| of 2. The forward calorimeters have been replaced by a
new scintillator tile based plug calorimeter which give®delectron identification up tp)| = 2. The
upgrades to the muon system almost double the central mwenage and extent it up {g| ~ 1.5.

3.7.2. Prospects foBY mixing at CDF

The most important improvements fBrphysics at CDF are a Silicon Vertex Trigger (SVT) and a Time-
of-Flight (ToF) system with a resolution of about 100 ps. Tdter employs 216 three-meter-long scin-
tillator bars located between the outer radius of the COTthaduperconducting solenoid. More details
about the CDF Il Time-of-Flight detector and its performaman be found in Ref. [140,141]. The ToF
system will be most beneficiary for the identification of kaavith a 20-separation betweenandK for

p < 1.6 GeVle. This will enable CDF to make use of opposite side kaon taggimd allows to identify
same side fragmentation kaons accompanyfignesons [140,141].

In Run|, all B physics triggers at CDF were based on leptons includingesiaugd dilepton trig-
gers. A newly implemented Silicon Vertex Trigger gives COfeess to purely hadroniB decays and
makes CDF'S3 physics program fully competitive with the one at #ee— B factories. The hadronic
track trigger is the first of its kind operating successfatya hadron collider. It works as follows: with
a fast track trigger at Level 1, CDF finds track pairs in the G@ith pr > 1.5 GeV/c. At Level 2, these
tracks are linked into the silicon vertex detector and cuotthe track impact parameter (edg> 100 um)
are applied. The original motivation for CDF’s hadronicckarigger was to select the two tracks from
the rare deca’ — = but it will play a major role in collecting hadroniB? decays for the measure-
ment of BY oscillations. Since the beginning of Run Il, much work hasgyinto commissioning the
CDF detector. The Silicon Vertex Trigger was fully operatibat the beginning of 2002. A detailed
discussion of the SVT and its initial performance can be tbelsewhere [142,143].
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Fig. 4.20:Expected event yield of fully reconstructBfl decays at CDF necessary forsar-observation oB? oscillations as

a function of A M; for different signal-to-background ratios.

The CDF detector upgrades described above play an impadinin CDF’s prospects for mea-
suringBY mixing. The inner layer of silicon mounted on the beampipgrires the time resolution for
measuring th&? decay length from originally; = 0.060 ps to 0.045 ps. This will be important M
is unexpectedly large. The Time-of-Flight system will ent& the effectiveness @ flavour tagging,
especially through same side tagging with kaons and oppsgie kaon tagging, to a total expected
eD? ~ 11.3% [144,141].

Fig. 4.20 shows the expected event yield of fully reconsewiB? decays necessary for a®bser-
vation of BY oscillations as a function of the mixing frequenty\/; for different signal-to-background
ratios. If theBY mixing frequency is around the current Standard Model etgpien of A M, ~ 18ps~1
(see discussion in Sec. 6. of Chapter 5), Fig. 4.20 indidhsCDF would only need a few thousand
fully reconstructed3? mesons to discoveB? flavour oscillations. Originally, CDF estimated to fully
reconstruct a signal of about 75,08 — DFn~ andB. — D¥r~n+n— events from the two-track
hadronic trigger in 2 fb! [144]. This assumes all detector components and triggerk asexpected.
Although with the beginning of 2002, the CDF detector is imb$ running conditions operating with
reliable physics triggers, including the hadronic twakrdérigger, there appear to be indications that the
projected event yield might be overestimated. Given thistAe small amount of data delivered by the
Tevatron and recorded by CDF to date (about 100'dhy the end of 2002) it will take some time until
CDF can present first results @Y mixing [145].

3.7.3. Prospects faB? mixing at D@

The major difference for a search Bf oscillations at D@ is the collection &? candidate events. D@
currently does not operate a hadronic track trigger. Howevavill be able to collectBY candidate
events using lepton triggers. Variol¥ decay modes such & — D¥n—, B. — Dfr—r+7~ and

Eg — D7 ¢~ v are under investigation by the D@ collaboration. The fulldionic decay modes can
be collected by single lepton triggers where the triggetdeserves as an opposite side lepton tag and
the BY meson is reconstructed on the other side. In this case tim giedd is suppressed leaving D@
with a few thousand events of this type in a data sample of 2.fif the B? oscillation frequency is
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small enough, semileptoniB? decays can be used utilizing D@’s lepton trigger data. Bt wuthe
escaping neutrino, the boost resolution is reduced ligitie A M reach. D@ expects to collect about
40,000 events in the semileptonic channel in 2'fbMonte Carlo studies indicate that D@ will be able
to measura3! oscillations in this mode up to a mixing frequency®f/, ~ 20 ps!.

4. Use of the amplitude spectrum for CKM fits
In this Section we discuss how to include)M, information in CKM fits starting from the amplitude
spectrum given by the LEP Oscillation Working Group [87].

The 95% C.L. limit and the sensitivity (see definition in E§3)), are useful to summarize the
results of the analysis. However to include\/; in a CKM fit and to determine probability regions
for the Unitarity Triangle parameters, continuous infotiora about the degree of exclusion of a given
value of AM, is needed. We describe how to include this information imldyesian and frequentist
approaches. The requirements for an optimal method are:

¢ the method should be independent of the significance of reki this criterion is important to
avoid switching from one method to another because of theepiee (absence) of a significant
signal (whose definition is arbitrary);

e the probability regions derived should have correct cayera

For the discussion in this Section we use the World Averagepeded by the LEP Oscillation Working
Group [87] and presented a the CKM-Workshop, corresponttirag95% C.L. lower limit at 15.0 ps!
and to a sensitivity at 18.0 ps.

In Sec. 4.1. we review and analyse how to inclusl®/, information for the CKM fits. Sec. 4.2.
describes the newly-proposed frequentist method for dhictuA M, information in CKM fits.

4.1. Review of the available methods. The likelihood ratio mthod

Modified x> method
The first CKM fits [146—148] used the? of the complete amplitude spectrum w.r.t. 1:

XQZ(I—A)2 (66)

JA

The main drawback of this method is that the sign of the deniatf the amplitude with respect to the
value A = 1 is not used. A signal might manifest itself by giving an amyale value simultaneously
compatible withA = 1 and incompatible withA = 0; in fact, with this method, values of > 1 (but
still compatible withA = 1) are disfavoured w.r.t4 = 1, while it is expected that, because of statistical
fluctuations, the amplitude value corresponding to thee"trd M value could be higher thah This
problem was solved, in the early days of usid/, in CKM fits, by taking A = 1 whenever it was in
fact higher.

A modified x? has been introduced in [149] to solve the second problem:

1 1—-A
2 _ o, -1 (1
=2 e (goite (57))

Relation between the log-likelihood and the Amplitude
The log-likelihood values can be easily deduced frdrando 4 using the expressions given in [106]:

Alog LX(AM,) = % [(AC;I)Q — (%ﬂ = <% —A> % (68)
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Fig. 4.21:World average amplitude analysisx log £°° (A Ms).

Alog L%(AM)mix = —2b (69)
20‘A
Alogﬁoo(A]\4s)nomix = 112 . (70)
209

The last two equations give the average log-likelihood editu A M, corresponding to the true oscilla-
tion frequency (mixing case) and farM/; being far from the oscillation frequencyXM; — AM™¢| >
I'/2, no-mixing case)I is here the full width at half maximum of the amplitude distition in case of
a signal; typicallyl’ >~ 1/7go. Fig. 4.21 shows the variation @£>°(AM;) corresponding to the
amplitude spectrum of Fig. 4.18(b).

Likelihood ratio method?

Instead of they? or the modifiedy? methods, the log-likelihood functiaa log £>°(AMj) can be used:
this is the log-likelihood referenced to its value obtaifi@dA M, = oo [150,151]. The log-likelihood
values can easily be deduced frotmando 4, in the Gaussian approximation, by using the expressions
given in Egs.(68), (69), (70). The Likelihood Ratit defined as,

_ _—Alog L%(AM,) _ _ L(AM;)
R(AM;) =e CIAM, — )’ (71)
has been adopted in [151] to incorporate th&/, constraint.

Comparison between the two methods using the world averagditade spectrum

The variation of the amplitude as a function&f\/; and the corresponding log £L°°(A M) value are
shown in Fig. 4.22-(a) and (b). The constraints obtainedgutlie Likelihood Ratio methodR) and
the Modifiedy? method §?) are shown in Fig. 4.22-(c). In this comparison the Modifiedhas been
converted to a likelihood using « exp(—x?2/2). Itis clear that the two methodg(andx?) give very
different constraints. In particular the Modifigd method, with the present World Average, corresponds
to a looser constraint for CKM fits (and in particular for thetermination of theg and~ parameters).

The toy Monte Carlo

In order to test and compare the statistical properties ®ftébo methods it is necessary to generate
several experiments having similar characteristics asldt@ used for the World Average. We will call
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identical.

equivalent those experiments having the same dependenceas a function ofA M.

The dependence of4 on AM, can be reproduced by tuning the parameters of a fast sionlati
(toy-MC). The method used here is similar to the one preseantfl52]. The error on the amplitude can

be written as:

o' = VNnpgo (260 — 1) (2¢, — 1) W (o, 0p, AM,) (72)
whereN is the total number of eventgg, the BY purity of the samplegy(,) the tagging purity at the
decay (production) times,, the uncertainty on thBY flight length andr,, the relative uncertainty in the
BY momentum ¥ is the function that accounts for the damping of the os@ilfatiue to the finite proper
time resolution. The parameters, o, and the global factor that multiplies th& function are obtained
by adjusting the simulated error distribution to the one soead with real events. Figure 4.23 shows
the agreement between the toy-MC calculation and the reéalugatoA M, = 25ps~! (the upper value
of AM, at which amplitudes are given). An additional problem ig tiaprinciple, one would like to
define the likelihood within the intervald, oo] whereas the amplitude spectrum is measured only up to a
certain value. For the present World Average the val@iss—'. A procedure has to be introduced to
continues 4 and A.

The continuation fot 4 is shown in Fig.4.23. The continuation dfis more delicate. In particular
it is more sensitive to the real amplitude spectrum. Needetis ifA M5 << AM!2t the significance
S (S = A/o4) is approximately constant. It is then a good approximattoontinue using:

A(AMst)

O-A(AMslast) (73)

A(AM,) = oa(AMs).
Although this procedure is reasonable, it should be stdetbstt it is very desirable to have all the ampli-

tudes (with errors) up to thA M, value where the significance remains stable.

Comparison of the methods in case of an oscillation signal

In this Section we compare the two methods in the presencectdaa AM, oscillation signal. We
perform several\ M toy-MC analyses with the samey versusA M, behaviour as the World Average
analysis. For this study we have generateld, signal atl7 ps~—!. This value corresponds to the value
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where there is the bump in the World Average amplitude spettiThe statistics of the virtual experi-
ments is much larger than the registered data, at preseihtatscear oscillation signals are expected.

The results in Fig. 4.24 show that only the Likelihood Ratiethod is able to see the signal at the
correctA M, value. The same exercise has been repeated for differeetajed values oh M, always
giving the same result.

Test of the coverage of the two methods applied to CKM fits

In the absence of a cle@? oscillation signal, the Likelihood Ratio method resultsaid\ M, range
which extends to infinity at any C.L. A criticism was made id9] that it is then dangerous to use this
information in a CKM fit. The best way to answer this objectisto test the coverage of the probability
regions (68%, 95% and 99%) computed by the fit by performingoate! Carlo simulation.

To do this we have prepared a simplified CKM fit where we meatheauantityRR; (see Chap-
ter 1), using only the\ M,; and theA M,/ A M, constraints. The set of constraints on the quariitys:

AM; = d’R? (74)
AMy/AM, = b*R?  (or AM, = a?/b?) (75)

wherea andb are Gaussian distributed parameters with ersgrs- 20% ando;, = 10%, thus taking into
account the theoretical uncertainties.

Several experiments have been generated, each of thencteneed by the following set of
parameters:

Ry

Gtheo extracted from the distribution

btheo extracted from thé distribution

A My(theo) computed fromR; anda

A M;(theo) computed fromR, andb

AMgy(exp) from AM,(theo) smeared by the experimental resolution

Amplitude spectrum  from a toy-experiment generated W/, (theo)
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68% 95% 99%
AMs =10 67.5+15 93.1+£08 981404
AM; =182 714+14 96.1+0.6 99.6+0.2
AMg =25 69.56+15 964+£06 99.3+0.3

Table 4.7: Results obtained with the Likelihood Ratio method. Foreéhdéferent values of generate M, (left column)
we indicate the percentage of “experiments” for which theemated true value oR; falls inside the 68%, 95% and 99%

probability interval.

For each experiment the best-fit value @y was determined and it was counted how many times it fell
inside the68%, 95% and99% probability regions defined by the Likelihood Ratio and bg Modified

x? methods. This exercise was repeated 1000 times. The mddsemeencies for the three probability
regions using the Likelihood Ratio or the Modifigd method are given in Table 4.7 and 4.8 respectively.

For the Likelihood Ratio method the measured frequenciesespond to the confidence level
intervals and the coverage is close to correct. This is ret#se for the Modifiegt? method where the
confidence levels are significantly underestimated fornine value ofAM,. The effect stems from the
fact that they? defined in Eq. 67 reaches its minimum systematically abosértie value ofA M.

Some conclusions

In this first part we have studied the problem of including KiINEfits the A M, World Average amplitude
spectrum. We have tested two different methods and comghaeedesults in case of an oscillation
signal. MC simulations also were performed for a CKM fit tottd®e coverage of the two methods.
The conclusion is that the Likelihood Ratio method, proploise[150,151], is optimal because it gives
probability intervals with correct coverage and, in casa sifjnal, it also gives the correct valuef/,.
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68% 95% 99 %
AM; =10 486+1.6 83.8+£1.2 943+0.7
AM; =182 64.6+15 93.0+08 99.2+0.3
AMg =25 7r5E£15 982+04 99.7£0.2

Table 4.8:As for Table 4.7, but for the Modifieg? method.

4.2. Use of the amplitude spectrum in a frequentist approach

The aim of this Section is to describe the frequentist mefbothcorporating experimental constraints
derived from the amplitude spectrum as a function ofeoscillation frequency 4 M,) into a global
CKM fit. In other words, we address the questions: what is tHie@pa likelihood measurement df M/,
and what is the confidence level (CL) as a functiol\d/, to be associated with an observation obtained
with a given level of sensitivity?

Infinite statistics

We assume that the; measurement is performed using the log-likelihood. The swesal value of
xs (z5"*) is defined to be the one maximizingfz): the outcome of one experimenf* is a random
number. For infinite statistics, theé"* = A M7, random number follows a (leading-order: lo) Gaussian
probability density function:

1 1 /pmes _ o 2
@Z’s mes — _ S S 76
1o (@) V2713 (xs) exp( 2 ( Y () ) ) (76)
where the standard deviatidi(xs) is given by the second derivative of the expect&dthrough the
integral A

= TP (@)
( NE(xS))_2 = / < P_ + P+ )dtmos = A(l’s) (77)
P, = %Zi = :Ffsédtsin(xst)e_t ® Gy (78)

N is the total number of mixed and unmixed events and the iategre performed using the true value
of 4, not the measured one. It follows from Eq. (76) that one mag senfidence level'L, (z¥P) on
a given hypothetical valug™® using they? law:

h,
CLo(@®) = [ 07" (@2)da™ = Prob(x®*, 1) (79
<
mes __ ,.hyp
hyp X X
x=x" (@) = S (80)
( ) E(x]sﬂyp)

h; h
where thef) integral is perfohrmed over thg*’ domain WhereI>ff§yp (aes) < @ﬁjyp (xf"es), that is to say
where|x”" (2| > [x*" (25)|.

S
If the log-likelihood is parabolic near its maximum, as ig ttase for infinite statistics, then, in
the vicinity of 2%, ¥(z1¥P) ~ cst = ¥(2*), and one can evalual® as the second derivative of the

experimental log-likelihood, taken at the measured valt€. In effect:

) . o - )
a_£2 _ Z(P_P_P%(P_ ) +Z<P+P+ P+)> 61)

aws ‘xs :x;ncs
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Nz _NA(z) = —52 (82)
whereP; denotes the second derivative with respectgo

P, = 82& = Ff 1ai t2 cos(zst)e ' @ G (83)
+ = 81'52 =+ 52 s t
which does not appear in the final expression thanks to thmaltmation of the probability density
function, and assuming that"* = x4 (which is true for infinite statistics).

Equivalently, one can evaluakby locating the value af? which yields a drop of-1/2 in the
log-likelihood, for the experiment at hand, or one can cot@pliey? directly using the approximation

mes 2
e = <%> ~ 2(L(2f) — L(27P)) = X (2P) (84)

Finite statistics

For large enough™¥P, the approximatiort (z!vP) ~ ¥ (x°) breaks down since the sensitivity of the
experiment vanishesZ (zVP) — oo for z1¥P — oo . It follows that the likelihood is not parabolic for
large enough:¥P, however large the statistics.

The vanishing sensitivity makeg’, as defined by Eq. (80), a poor test statistic to probe foelarg
7 values. Furthermore, it is not a straightforward task terithe correcCL (z2P) from the x? value:
Eqg. (79) does not apply (i.e., it is not a tryé) because Eq. (76) is a poor approximatian

In the realistic case of finite statistics, the next-to-lagdrder statistical analysis of a likelihood
measurement [153] is used here to obtain the key-formuleessing the probability density function of
the random number?*** beyond the Gaussian approximation:

O, (22%°) = B (@) e (1 + ag™x) (85)
2B-C 1 .
Teo= —— =X 86
ao SA  UNA (86)
3B-C 1
o= —— 87
“ 6A VNA ®7)
whereA (z5) is the integral defined in Eq. (77(xs) andC(xs) being two new integrals:
NG I N
_ - +1+
B(l's) = /( P_ + P+ )dtmcs (88)

— 00

**The redefinition of the,? using the right-hand side of Eq. (84) provides a test statisbre appropriate for large values of
P, Although Eq. (79) does not apply? is capable of ruling out™¥? values lying beyond the sensitivity reach £ifz2%)
is large enough) provided one computes the CL using:

CL(ZL’?yp) — / \chvilyp ()22/) d)22l

~ h;
2 (zs¥P)

wherew®="” is the probability density function of thg? test statistic, fors = «¥P, obtained using a toy Monte Carlo. The
rejection ofz2¥? values beyond the sensitivity reach is not a paradox: it treefact that large values are unlikely to yield an
indication of a clear signal, especially at low valuescof Such a treatment, as well as others (e.g., the minimum ltre
likelihood could be used to define another test statistims)ysatisfactory. We prefer here to usg®, and only this quantity,
because an analytical expression for its probability dgrighction is available (Eg. 85) and thus the computatiothef CL
can be carried out in practice. This is nothing but the stahdhoice made when dealing with better defined measurements
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Fig. 4.25:Left Plot: The equivalent? (cf. Eq. (79)) expressing the confidence levels computed tise next-to-leading order
expression Eq. (85) in the actual situation where the marimgalue of the likelihood is reached fax)M; (mes) = 17.2 ps 1.
The horizontal axis is the differenéel; (hypothetical) — A M; (mes). The minimum value of the equivaleyttis not reached
for AM,(hypothetical) = AM,(mes) because the maximum of the next-to-leading order prolghiiensity function is
slightly shifted below the tru& M value. The left hand side of the plot is nearly parabolic aeskmbles closely the one that a
simplistic interpretation of the likelihood curve provialeT he right hand side of the plot states that there is almostomstraint

on high values oA M. One is far from dealing with a measurement in the usual (Giang sense. Right Plot: The equivalent
x? in the would-be situation where the maximum value of théitiked is reached forA M, (mes) = 10ps™'. Although the
equivalenty? is not truly parabolic, the Gaussian limit is almost reacheuhe is close to dealing with a measurement in the

usual (Gaussian) sense.

400 . .
(P-)* (P+)3>
Clzg) = / dtmes 89
@ = | ( p7+ Tt (89)
The integralC tends to be small because, on the one hand the two contrisutive opposite signs, and
on the other hand the denominator is of order two: it follohaths ~ ag/2. The right hand side of
Eq. (86) links the next-to-leading order correction tetmpsndas to the dependence an of 3. When

> depends significantly ong, not only is the standard treatment of Sec. 4.2. invalid theitwvell-known
formula Eq. (79) itself becomes incorrect, even if one ubescorrect:(x;).

The expression Eq. (85) is identical to Eq. (76) for smallalues. Although it extends the range
of validity to largery values, it cannot be trusted too far away from the origin, itiégher order correc-
tions start to play a role. In particulab,,;, becomes negative (hence meaningless)for —ag~! (aq is
negative since it is equal to minus the derivativebivith respect tor,). Since® is sizable only when
x ~ O(1) the next-to-leading order terms, when relevant, are of dhe vV ~3 x (ratio of integrals):
they are negligible for large enougk and for small enough ratio of integrals. The double-sidedisCL
computed as in Eqg. (79), replacidg, by the next-to-leading order approximation. Using thetrigdnd
side of Eq. (79) to translate the confidence level thus obthinto a more familiar equivaleiity?, one
obtains the results shown in Fig. (4.25) in two cases: finrsttfe actual situation using the parametriza-
tion of the world average likelihood as described in Sec. where the maximum of the likelihood is

fIn the CKMfitter package, it is this equivalegt which is added to the overail®.
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reached at the boundary of the experimental sensitivityorse for a hypothetical situation where the
maximum of the likelihood would be reached well within th@siévity region.

In conclusion, we have presented a frequentist analysksed t oscillation. Its domain of validity
extends to the level of sensitivity reached by LEP and SL[® ffeatment presented here provides, in a
frequentist approach, a practical means to incorporateait@KM fit the information om\ M, contained
in the data, both present and future.
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Chapter 5

FIT OF THE UNITARITY TRIANGLE
PARAMETERS

Conveners : A.J. Buras, F. Parodi.

Contributors : M. Ciuchini, G. Dubois-Felsmann, G. EigenFRccioli, E. Franco, A. Hocker, D. Hitlin,
H. Lacker, S. Laplace, F. LeDiberder, V. Lubicz, G. Martindgf. Porter, P. Roudeau, L. Silvestrini,
A. Stocchi, M. Villa

1. Introduction

In this Chapter we will discuss the determination of the By Triangle (UT) using as input the values
of [Vis|, |Ve|, @and|V,,| from Chapters 2 and 3 and the constraints fegmand A M, ; with the values

of the non-perturbative parameteBs, Fip,\/ Bp,, Fp,\/ B, and¢ determined in Chapter 4. We will
also include in this analysis the most recent results foClR@asymmetry i3; — J/¢Kg that allows to
determine the anglg of the UT essentially without any theoretical uncertairitiie list of the common
quantities which have been used for the analyses perfonmidiki Chapter are summarised in Table 5.1.

A very important issue in constraining the agexn) of the UT is the treatment of the experimen-
tal and especially the theoretical uncertainties. In ttexdture five different approaches can be found:
Gaussian approach [1], Bayesian approach [2], frequeagtistoach [3]95% C.L. scan method [4] and
the simple (naive) scanning within one standard deviatidoreover the fact that different authors often
use different input parameters makes the comparison awsanalyses very difficult.

This situation is clearly unsatisfactory as different geak give generally different allowed ranges
for (g,7). While all these analyses find presently the SM consistettt wli the available data, the
situation may change in the future when the experimentaltl@dretical uncertainties will be reduced
and additional decays relevant for the determination oftheawill be available.

It is then conceivable that some approaches will find the Skkistent with the data whereas
other will claim an indication for new physics contributgnThis clearly would be rather unfortunate.
However, even in the absence of new physics contributidresinicreasing accuracy of the data and the
expected reduction of theoretical uncertainties callsifoextensive comparison of the different methods
to gain the best understanding on the UT.

Another important issue is the sensitivity of the UT anaytsi theoretical uncertainties. Some
theoretical parameters have more impact on this analyaisdthers and it is important to identify those
for which the reduction of errors through improved non-pdrative calculations can contribute to the
quality of the determination of the UT most efficiently.
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Parameter Value Gaussian Theory
o uncertainty
A 0.2240(0.2210) 0.0036 (.0020Q -
[Vep| (x1073) (excl.) 42.1 2.1 -
|Vip| (x1073) (incl.) 41.4 40.9 0.7 0.60.9
V| (x107%) (excl.) 33.082.5 2.42.9 4.6(.5
[Vis| (x107%) (incl.) 40.9 4.6 3.6
AM, (psh) 0.503 0.499 0.006 0.00% -
AM, (ps!) >14.4 14.9 at 95% C.L. sensitivity 19.2 {9.3
my (GeV) 167 5 -
m. (GeV) 1.3 - 0.1
Fp,\/Bp,(MeV) 223 230 33 (30 12 (15
¢ = LoaV B, 1.24(1.18) 0.040.03 | 0.06 0.0
FBd BBd
By 0.86 0.06 0.14
sin 28 0.734 0.762 0.054 0.069 -

Table 5.1: Latest values of the relevant quantities entering into thgressions of -, AM; and A M. In the third and fourth
columns the Gaussian and the flat part of the uncertainty arerg respectively. The values within parentheses are ies o
available at the time of the Workshop and used when compadiffeyent fitting procedures. In case of asymmetric thécaét

errors, like for|V,,;| exclusive, the central values have been shifted to makeshemmetric.

The goals of this Chapter are:

e to describe in some detail two of the most developed methtids:Bayesian approach and the
frequentist approach,

e to compare the resulting allowed regions f@t 77) obtained from the Bayesian and frequentist
approaches for the same input parameters,

¢ to identify those non-perturbative parameters for whiah iibduction of the uncertainty is most
urgent.

This Chapter is organized as follows. In Section 2. we expties constraints frorfV,,,/ V|, ek
and AM, , in terms of Wolfenstein parameters [5] including the gelieation of [6]. The Bayesian
method and the frequentist methods are discussed in Se@&ibnand 3.2., respectively. The discussion
in the frequentist case includes tRit and the scanning methods. In Section 4. the impact of the
uncertainties of theoretical parameters on the deterinmaif the UT is discussed in detail using both
the Bayesian approach and the scanning method. Finallyatiches. we compare the Bayesian and
Rfit methods and draw conclusions. In Section 6. we show sorperitaint results obtained in testing
the consistency of the CKM picture of the Standard Model.

2. Constraints on the Unitarity Triangle parameters
Five measurements restrict at present the rande, af) within the SM:
e The|V,;| constraint:
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The length of the side AC of the UT (see Fig. 5.1) is determifnech

A1
Rb:\/§2+ﬁ2_(1—7)x

The constraint in thép, 77) plane resulting from (1) is represented by a circle of radtyghat is
centered ato, 77) = (0,0) ( for the visualisation of this and following constraintedgg. 5.1).

Thee g—constraint:

Vb
Ve |

1)

71 - 9 mS (o) + Pu(e)] A2Bic = 0187 (2 224) ,

A

that follows from the experimental value fox and the formula (Eqg. (12) of Chapter 4). Here

)

1 m?

Pe(e) = [n3S0(ze, v1) — mac] Xk Ty = M—\gN ()
P.(e) = 0.29 £ 0.07 [7] summarizes the contributions of box diagrams with twarah quark
exchanges and the mixed charm-top exchanges. We observg gtreeig dependence of the r.h.s.
in (2) on the parametex = |V,,;|. However, this dependence is cancelled to a large exteriteby t
A dependence of.(¢) and of A = |V,,|/A\? that enter the I.h.s of (2). The main uncertainties
in the constraint (2) reside then i and to some extent in the factdr* or eqU|vaIentIy|Vcb|
which multiplies the dominant term. The status/®f has been reviewed in Chapter 4. Eq. (2)
specifies an hyperbola in thig, 77) plane. This hyperbola intersects the circle found from|ig|
constraint in two points which correspond to two solutiomsthe angley.

The A Mg —constraint:

The lengthR; of the side AB of the UT (see Fig. 5.1) can be determined frommtbserved%%—ﬁg
mixing, parametrized byA M,; and given in Eq. 22 (in Chapter 4), with the result

o 1|V [ Vil } [0-041}
Ry =/(1— p)? 2= =0.85- 4
where
230MeV AM, 0.55 | 2.34
Via| = 7.8-107° \/ d \/ \/ : (5)
FB BB 0.50/ps So(z¢)

Sincemy, A M, andnp are already rather precisely known, the main uncertaintijérdetermina-

tion of R; and|V;,| from B} — Eg mixing comes fromF,\/ Bp,. Its theoretical status has been
reviewed in Chapter 4R; suffers from additional uncertainty i.;|. The constraint in thég, 77)
plane resulting from (4) is represented by a circle of radiushat is centered db, 7) = (1, 0).

The AM,/A M —constraint:

The measurement &9 — Eg mixing parametrized byA M together withA M, allows to deter-
mine R; in a different manner:

R_15 Mg, AMs(l A2 ey g_FBS\/BS ©)
T M, AN 2 - =

Fp,\/ Bq

This constraint follows from Eq. (22) (in Chapter 4) with flagtor (1 — A2 /2 + g\?) representing
the departure ofV;s/V.| from unity. For0 < g < 0.5 this factor deviates from unity by less
than2%. Neglecting this correction gives = 0.224)

AMy [18. 4/ps
y
=086 \/O 50/ps\/ 1 18 0




The advantage of determininG; by means of the ratid\ M;/A M, with respect to theA M,
constraint are smaller hadronic uncertaintieg than inFBd\/Bd and the absence af; and|V,y|
dependence. The present statug bas been reviewed in Chapter 4.

e Thea(yKg)—constraint:
The mixing induced CP asymmetmy, - in B — ¢Kg allows to determine the angleof the UT
essentially without any hadronic uncertainties through

(sin28)yrs = 0.734 + 0.054 . (8)

The value given in (8) is the world average from [8] and is dwetéd by the results of the BaBar
[9] and Belle [10] Collaborations.

= 2 —
i sinZ3
,,,,,,, “Ko-------
0 Vu
i cb
1+
I | Y ‘

Fig. 5.1: Constraints which are contributing to the Unitarity Tridlegparameter determination.

3. Statistical methods for CKM fits

In this Section we describe the basic ingredients for thiemiht statistical approaches. The plots and
the results presented here have to be taken as illustrabibtiee methods. Quantitative results and
comparisons are given in the next Sections.

3.1. Bayesian methods

In this Section we describe the basic ingredients of the 8apeapproach and discuss the role of the
systematic and theoretical uncertainties in deriving pbility intervals for the relevant parameters.
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Each of Egs. (1, 2, 4, 6, 8) relates a constrajrib the parameters and7, via the set of additional
parameterx, wherex = {x,z9,...,2x} Stand for all experimentally determined or theoretically
calculated quantities on which the varioysdepend 4, € ...)

cj = ¢;(p, ;%) 9)

In an ideal case of exact knowledge @fandx, each of the constraints provides a curve in thgj)
plane. In a realistic case, the analysis suffers from seveirtainties on the quantities andx. This
means that, instead of a single curve (9) in tpey) plane, we have a family of curves which depends
on the distribution of the sdi;, x}. As aresult, the points in thg, 77) plane get different weights (even
if they were taken to be equally probalalgriori) and theconfidenceon the values op and clusters in

a region of the plane.

The above arguments can be formalized by using the so caligddtan approach (see [11] for
an introduction). In this approach, the uncertainty is dbsd in terms of a probability density function
(pdf) which quantifies the confidence on the values of a giveantity. Applying Bayes Theorem in the
case of a single constraint we obtain

f(p.i,cjox ;) o f(eles,p,n,x) - fles, py 0, %) (10)
o< f(éjlej)- flejlp,m,x) - f(x,p,7) (12)
o< f(&iles)-d(cj —ei(pn,x)) - f(x) - fo(p,) (12)

where¢; is the experimental best estimatecgfand £, (p, 77) denotes therior distribution.

The various steps follow from probability rules, by assugnihe independence of the different
quantities and by noting that depends ong, 77, x) only viac;. This is true since; is unambiguously
determined, within the Standard Model, from the valueg,af andx.

The extension of the formalism to several constraints &gtitforward. We can rewrite EqQ. (10) as

fpx|er,nean) o [T fi@1amx) x T fite:) x fo(p,7) - (13)

j=1,M 1=1,N

M and N run over the constraints and the parameters resphlctin the derivation of (13), we have used
the independence of the different quantities. By integeakq. (13) ovek we obtain

f(p,n|ef) o< L(&]p,n,£) x fo(ps7), (14)
wherec stands for the set of measured constraints, and
celpnt) = [ T1 £ 1p0.% I fi)ds (15)
j=1,M i=1,N

is the effective overall likelihood which takes into accoafi possible values af;, properly weighted.
We have written explicitly that the overall likelihood des on the best knowledge of alf, described
by f(x). Whereasa priori all values forp andi; are considered equally likely{(p, 77)=cst),a posteriori
the probability clusters around the point which maximizeslikelihood.

In conclusion, the final (unnormalized) pdf obtained stayfirom a uniform pdf forp and7 is
f(p.m) / I sl a,x) I filz:)da; . (16)
j=1,M i=1,N

The integration can be performed by Monte Carlo methodslamddrmalization is trivial. Starting from
the pdf forp and#, probability regionsP(w) are defined by the conditions:

(p,7) € P(w) if f(p,7) > 2w
() 1P, Mdpdn = w

201



| L
1 L
- sin23
05+
or Vu \
L ‘ ‘ yc L L
-1 -0.5

Fig. 5.2: The contours at 68%, 95% probability regionsgrand as obtained using the Bayesian method, superimposed to

the experimental constraints.

An example of the typical output of this fit approach is showrFig. 5.2 where the probability
regions at 6& and 9%% are shown together with the experimental constraints.

It is important to note that this method does not make anyngdisbn on whether the individual
likelihood associated with some constraint is differentrfrzero only in a narrow region (and we usually
refer to this case as “measurement”), or if it goes to zerg onlone side (e.g. whet} — oo or 0). In
the latter case, the data only provide an upper/lower bauttietvalue of the constraint. This is precisely
what happens, at present, with/,. Therefore, the experimental information about this c@st enters
naturally in the analysis.

One of the feature of the Bayesian approach is that there onoeptual distinction between
the uncertainty due to random fluctuations, which might haseurred in the measuring process, the
uncertainty about the parameters of the theory, and thertanuy about systematics of not-exactly-
known value, which can be both of experimental or theorktidgin (in the Bayesian jargon there are
often indicated as influence parameters).

We can simply extend the notation to includexirthese influence parameters responsible for the
systematic uncertainty, and use Eqg. (15) in an extended Wwagpectively of the assumptions made on
the pdf ofx, the overall likelihoodsf (¢;) are approximately Gaussian because of a mechanism similar
to the central limit theorem (i.e. just a matter of combimia&). This makes the results largely stable
against variations within choices of the distributionsdus® describe the uncertainties due to theory or
systematics. For this reason we simplify the problem, byicady the choice to only two possibilities.
We choose a Gaussian model when the uncertainty is domibgtethtistical effects, or there are many
comparable contributions to the systematic errors, sattieatentral limit theorem applie§ (z — zo)).

We choose a uniform pdf if the parameter is believed to bedsathrcertainly in a given interval, and
the points inside this interval are considered as equatpaile. The second model is applied to some
theoretical uncertaintie${(z) = 1/20tpeo fOr & € [0 — Otheos To + Ttheo] @NAU () = 0 elsewhere. The
combined pdfP is then obtained by convoluting the Gaussian@dfith the uniform pdi/: P = G U.
When several determinations of the same quantity are al@jle final p.d.f, in the Bayesian approach,
is obtained by the product of the single pdfs.
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An important point is how to evaluate the compatibility amgdamdividual constraints. In the CKM
fits based ony? minimization, a conventional evaluation of compatibilifiems automatically from the
value of they? at its minimum.

The compatibility between constraints in the Bayesian oebik evaluated by comparing partial
pdfs obtained when removing each constraint at a time. Tiegral over the overlap between the pdf
with and without a given constraint quantifies the compéitbiln case of poor overlap the difference
A, between the two pdfs can be determined, for each constraiby substituting

Cj — Cj(l + A]) (17)

Further investigation (based on physics and not on st)stvill be necessary to tell if the difference;
comes from an incorrect evaluation of the input parametefiom new physics.

3.2. Frequentist methods

As said in the introduction theoretical quantities playmportant role in the formulae relating the mea-
sured quantities to the UT parameters. These quantitiesfme inferred from theoretical calculations
with uncertainties which can be associated to approximati®ncertainties due to approximations are
often estimated from more or less educated guesswork. Fonge, we recall that i) The quenched
approximation in Lattice QCD calculations; ii) Model calations of form factors where model parame-
ters are varied within some range; iii) Higher order terngleeted in a power series for which the error
is estimated from the “natural size” of the expansion patamer a scale dependence in a perturbative
series where the error is estimated by varying the scaldmsittmereasonablerange. This has driven
the developments of statistical approaches based on afréguunderstanding of systematic theoretical
uncertainties, which cannot be treated as statisticadlyriduted quantities.

In this framework two approaches are presented:Rfitemethod and the Scanning method. In
both methods, the “theoretically allowed” values for sorheoretical parameters are “scanneté,
no statistical weight is assigned to these parameters gsdsriheir values are inside a “theoretically
allowed” range.

The Rfit method starts by choosing a point in a parameter subsgdonéeest,e.g. a point in the
p-1 plane, and ask for the best set of theoretical parametethifogiven point. This set is determined
by minimizing ax? function with respect to all model parameters, exgephd#. The theoretical pa-
rameters are free to vary inside their theoretically alldwange without obtaining any statistical weight.
In this way, upper limits of confidence levels in the paramstdspace of interest can be determined.

The basic idea of the Scanning method is to choose a possiblef salues for the theoretical
parameters and to ask whether this particular model leada txceptable fit for the given data set. If
so, a confidence contour is drawn in a parameter subspaceshe.g.the p-1 plane, representing the
constraints obtained for this particular set of model patams. This procedure is repeated for a large
number of possible theoretical models by scanning alloveagies of the non-perturbative parameters.
The single confidence level contours cannot be compared drstatistical point of view. This method
has been extended to facilitate an analysis of the relatiigeince of experimental and theoretical uncer-
tainties in determining the consistency of the measuresneith theory.

3.2.1. The Rt approach

The CKM analysis using thifit method* is performed in three steps: 1. Testing the overall consiste
between data and the theoretical framework, here the SMdatd and the SM are found to be in rea-
sonable agreement, confidence levels (CL) in parametepaoés are determined. 3. Testing extensions
of the SM.

*TheRfit method is implemented in the software pack&i€Mfitter [12]. More details can be found in [3].
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Fig. 5.3: Determination of CL(SM). The histograms show the teststtesiF'(x?) built from the Monte Carlo technique as
described in the text for two different fits, including or lexiing thesin 23 measurement. Integration of the distributions above

X2,in Provides CL(SM).

The quantityy? = —21n £(ymoq) is minimized in the fit, where the likelihood function is dedih
by E(ymod) = Lexp(wexp - xthco(ymod)) : ﬁthoo(yQCD)- The experimental parwexpv depends on
measurements;.,,, and theoretical predictions,y.,, which are functions of model parameteys,q.
The theoretical partCy.,, describes our “knowledge” of the theoretical paramet@tsn € {ymod }-
We setli1.o = 1 within an “allowed range’R provided by a theoretical estimate, afig., = 0 outside
R. That is, theyqcp are free to vary withifR without changing theCy,., part of thex? function.

It should be kept in mind that the choice Rfis statistically not well-defined and reflects an intrinsic
problem of all statistical analyses when dealing with tk&oal uncertainties.

It is worthwhile to emphasize that a uniform likelihood ftioo is not identical to a uniform pdf.
Whereas a uniform likelihood means that the theoreticahmpater is free to vary withif®, a uniform
pdf states that each value withi has equal probability and hence introduces a statisticajhweThis
has important consequences if more than one theoreticangder enter a constraint or if the constraint
depends on a nonlinear function of a theoretical paramdter.example, the i constraint depends
on the productP = By - [Vy|*. The theoretical likelihood fofV,|* readsLipeo (|Vip|*) = 1 for all
theoretically allowedV,;| values given b)Ctheo(chbD = 1. The theoretical likelihood for the product
P readsLipeo(P) = 1 for any value of By and|V,| given byﬁthOO(BK) = 1and Lineo(|Ves|) = 1,
respectively. That is, ifRfit, no statistical weight is introduced for any value Bf independent of the
fact whether the single theoretical parameters are bounchlbound and independent of the particular
parametrization chosen. On the contrary, the pdf for thertteal part of|V,,|* is proportional to
(|V.p|)~3/4 if the theoretical pdf fofV,,| is chosen to be uniform. The pdf for the produewould be
proportional to— log | P| in leading order if the pdfs foBx and|V,,|* were chosen to be uniform [3].

The agreement between data and the SM is gauged by the globalum Xinn;ymod- determined
by varying freely all model parametetg,oq. FOVX?mn;ymodv a confidence level CL(SM) is computed
by means of a Monte Carlo simulation. For the optimal set ofleh@arameterg,,.q, a large number
of pseudo-measurements is generated using the experirikeliood function £..,,. For each set of
pseudo-measurements, the minimyt, is determined and used to build a test statistig?). The
CL is then calculated aSL(SM) = [ F(x?)dx? as illustrated in Fig. 5.3. If there is a hint of

d

lnl ;Y

an incompatibility between data and the "SM one has to iryatstiin detail which constraint leads to a
small value forCL(SM).
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If the hypothesis “the CKM picture of the SM is correct” is apted, CLs in parameter subspaces
a, e.9.a = (p,7),sin 20, ..., are evaluated. For a given pointdnone determines the best agreement
between data and theory. One calculates’ (a) = x7,.,.(@) — XAy, Y Varying freely all model
parameterg (includingyqcp) with the exception of. The corresponding CL is obtained fratil.(a) =
Prob(Ax?(a), Ngot) (see e.g. Fig. 5.3) whe®¥,, is the number of degrees of freedom, in general the
dimension of the subspaee It has to be stressed th@i.(a) depends on the choice &. The usage of
Prob(Ax?(a), Ngo) assumes Gaussian shapes/gy,. The CL obtained has been verified for several
examples using a Monte Carlo simulation similar to the orsedeed in the last section.

If the SM cannot accommodate the data, the analysis has tegsated within extensions of
the SM. Even in the case of a good agreement between data etl@Mhit is worthwhile to perform
the analysis for possible extensions of the SM in order testtain New Physics parameters, seg.
Ref. [13], or to determine the precision needed to study olugle certain models.

L fitter
. .

Fig. 5.4: Different single constraints in the — 7 plane shown a95 % CL contours. Th&5 % and 10 % CL contours for the

combined fit are also shown.

3.2.2. The Scanning Method

In the scanning method the following procedure is set to deéthl “not-statistically” distributed quanti-
ties: we select a specific set of theoretical parametersccalmodel”,

M= {fD*(l)y f‘fncb f‘gxcl7f‘gncl> FBd BBd7BK7 67 m,mn2, 13, 773}> (18)

whereFp. (1) is the Isgur-Wise function dB — D*¢v at zero recoil corrected for finitequark mass,
¢ , denotes the reduced decay rate for- clv, T% , (T% ) represents the reduced decay rate for
B — plv (b — ulv), Fp, (Fg,) is theBY (B?) decay constantBp,, Bp, and By parameterize the
values of the hadronic matrix elements appearingjn- B, mixing, B — B. mixing andK? — K"
mixing, respectively¢ = FBS/FBd\/(BBS/BBd), andny, n9, 13, andnp denote QCD parameters.
Such a set of theoretical parameters carries by definitionpmobabilistic uncertainties but still may
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involve probabilistic errors. By choosing many differemhddels” we map out the allowed ranges of
these theoretical parameters.

For each “model"’M we construct and minimize the function
_ _ EZ_EZ A7777;C;M 2
G, po) = 3 [AEALECAA (19)

i OF;

where theFE; are observables based on measured quantiigs, p, i7; C; M) is their parameterization
in terms of A, p, andn, C; denotes measured quantities that possess experimentaiNeed or other
probabilistic uncertainties, such as masses and lifetianed theo z, denote all measurement uncertain-
ties contributing to both®; and &;(A, p, 77; Cx; M). This includes all uncertainties on the theoretical
parameters that are statistical in nature.

The inputs used are those given in Table 5.1. To incorpoesigits onA M, searches we include
ax2-term defined as the maximum between the log-likelhood rate in [2] and O:

—2InLoo(AM,) = max (@ o) (20)
A

A is the amplitude spectrum as functiondfl/,.

The minimization solutior{ A, p, 77) o for a particular “model”M incorporates no prior distribu-
tion for non-probabilistic uncertainties of the theoratiparameters and meets the frequency interpreta-
tion. All uncertainties depend only on measurement ernodsagher probabilistic uncertainties including
any probabilistic component of the uncertainties on therttigcal parameters relevant to each particular
measurement. At the moment, for practical reasons, we hestet the comparatively small uncertain-
ties arising fromy, 2, 13, andnp as probabilistic. The effects of this simplification will bgplored in
future fits.

A “model” M and its best-fit solution are kept only if the probability béffit satisfie@(xi,() >
Prmin, Which is typically chosen to b&%. For each “model’M accepted, we draw a 95% C.L. contour in
the (p, 7) plane. The fit is repeated for other “model$1 by scanning through the complete parameter
space specified by the theoretical uncertainties. Thisaghare derives from the technique originally
described in [14].

The x? minimization thus serves three purposes:

1. If a“model” M is consistent with the data, we obtain the best estimatabédhree CKM param-
eters, and 95% C.L. contours are determined.

2. If a “model” M is inconsistent with the data the probabiliB(x3,) will be low. Thus, the re-
quirement ofP(x%w)mm > 5% provides a test of compatibility between data and its theme
description.

3. By varying the theoretical parameters beyond their $lgelcitange we can determine correlations
on them imposed by the measurements. The first results dttidy are shown in Section 4.2.

If no “model” were to survive we would have evidence of an imgistency between data and
theory, independent of the calculations of the theorepeagameters or the choices of their uncertainties.
Since the goal of the CKM parameter fits is to look for incotesisies of the different measurements
within the Standard Model, it is important to be insensitivartificially produced effects and to separate
the non-probabilistic uncertainties from Gaussian-itisted errors.

In order to demonstrate the impact of the different thecattjuantities on the fit results in the
(p, 1) plane, Figs. 5.5a—f show contours for fits in which only onepeeter was scanned while the others
were kept at their central values. These plots demonstiatertpact of the model dependencd Tif, |

and|V,,| as well as that oFBd\/BBd and By, &, andn;, respectively. For each parameter we consider
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Fig. 5.5: Contours of different models in thgs, 77) plane, by varying only one theoretical parameter at a timelase:,
b) Fp«(1), ) FBd\/BBd, d) Bx, )¢ (whereAM, is included in the fit), and fyy,. In each plot nine different models are
considered by varying the theoretically-allowed rangerfriitne minimum value to the maximum value. The figures are gen

with a) in the upper left, b) in the upper right, etc..

nine different models which span its range equidistantbytisig with the smallest allowed value. Since
these plots just serve illustrative purposes we use onlyrthasurements d¥/,,|, |Ves|, AMy, andex

in the fits, except for Fig. 5.5e where the informationo#/, has been included in addition. To guide
the eye we show the boundaries of the three bandd/fgy V.|, |Via/ V|, ande. Since the theoretical
parameters are kept at their central values except for teebeimg varied, the bands corresponding to
the other parameters reflect only experimental uncerésinti

We now turn to scanning all parameters simultaneously witheir theoretically “allowed” ranges.
Figure 5.6 shows the resulting contours for a set of reptatiea “models”, when all available con-
straints are included. Note that there is no frequency pné¢ation for comparing which models are to
be “preferred”, other than the statement that at most onectrisdtorrect. In this analysis we cannot,
and do not, give any relative probabilistic weighting amdmg contours, or their overlap regions. In-
deed, the entire purpose of the scanning method is to ma&ettle relative importance of measurable
experimental errors and a-priori unknown theoretical uiadeties.
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Fig. 5.6: Contours in the(5, 77) plane for different models, scanning theoretical paramete ..., Fp+(1), Fs,\/Bn,, Bk,

and¢, based on measurements| 8|, |Ves|, A Mg, €x, the amplitude foA M, andsin 243.

4. Impact of the uncertainties on theoretical quantities iInCKM Fits

As described in the previous sections, the “correct” waydattthe theoretical parameters is not unam-
biguously defined but depends on the adopted statisticabapip. In this section we will not discuss
the problems and the virtues of the different statisticgrapches on this point, and concentrate on the
impact of the uncertainties on theoretical parameters msttainingp and 7.

Two numerical analyses will be presented: one in the Bagdsianework and one in the frequen-
tist framework. In the first analysis we study the effect antiT fit from a modification (or a removal) of
some theoretical parameter used as input parameter. Tbedsanalysis introduces a graphical method
to represent, in the space of the theoretical parametergydbdness of the UT fit and to evaluate the
relevance of the knowledge on these parameters.

4.1. Bayesian analysis

In the framework of the Bayesian method the input knowledgexpressed in terms of pdfs for all
quantities (theoretical and experimental parameterdowimg the procedure described in Section 3.1.,
the output pdf can be computed far; and for any other quantity of interest.

The impact of the uncertainty on a given quantity, which endés a parameter in a given constraint,
is naturally evaluated by comparing the results obtaineduding the corresponding constraint or by
varying the error of the input parameter. When the infororatbn a certain quantity is excluded the
corresponding input pdf is taken as uniform. The common Be&tputs used for this analysis are the
ones available at the time of the Workshop (Table 5.1).

4.1.1. Determination of'z,\/ B,

First we consider th(FBd\/BBd parameter. Quite remarkably the remaining constraintsraete pre-
cisely this quantity and, from the output distribution simow the left part of Fig. 5.7, we get

Fp,\/Bp, = (223 + 12) MeV (21)
This is in perfect agreement with the results from lattidewation (see Table 5.1) and has a significantly

smaller error. This suggests that, unless the lattice emaFz1/ B does not become smaller than
12 MeV, the theoretical knowledge of this quantity is nottguielevant in UT fits. The Table in Fig. 5.7

quantifies the effect of changing the uncertainty}@}\/BBd (keeping the same central value).
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Fig. 5.7: Left: output distribution forFBd\/BBd assuming a flat input distribution. Right: table reportirftetresults of the
UT fit for p and7; assuming different input values for the errors Bp,, \/Bsd (in MeV) (o is the Gaussian error andh /2 is

the half-width of the systematic range). The last columnf{tiite error”) is obtained with a uniform input distributio

4.1.2. Determination ofx

Here the same exercise has been repeated with the parafheteAssuming forBy a uniform input
distribution between 0 and 2, from the output distributibiown in Fig. 5.8 we obtain

Br =0.73%043 (22)
The fitted value is again in perfect agreement with the kattialue (see Table 5.1), but in this case the
fitted (output) uncertainty is similar to the theoreticalpiut) one. We then expect that “lattice informa-
tion” plays a non negligible role, in particular in the detenation of7; (because of simple geometrical
arguments). Table in Fig. 5.8 shows that, in fact, removirgibformation coming from Lattice QCD
(last row) the error om increases by 50%.

Fig. 5.8: Left: output distribution forBx assuming a flat input distribution. Right: table reportiftetresults of the CKM Fits

for 5 and 77 assuming different input values for the errors B (o is the Gaussian error and\/2 is the half-width of the

K

systematic range). The last column ("infinite error”) is elted with a flat input distribution.
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4.1.3. Determination of

Since AM, has not yet been measurgdcannot be determined by the data. Assuming a uniform dis-
tribution between 0.6 and 2 (the upper bound is obviouslytrary), the output distribution shown in
Fig. 5.9 is obtained. The tail on the right part of the plotwhdhat, at present, is only weakly con-
strained by experimental data; for this reason the infolonabn the parameter is very important, in
particular in the determination @f as shown in the table in Fig. 5.9.

o

[

a
T

o+ A/2 p 7
£0.02 £0.025 | 0.183 £0.037 | 0.353 £ 0.025
+0.04 £0.05 | 0.173 £0.046 | 0.357 £ 0.027
£+0.08 £0.10 | 0.167 £0.062 | 0.357 £ 0.030

[0.4,2] 0.203 £ 0.080 | 0.347 £ 0.035

Probability density
o
T

0.05—

Fig. 5.9:Left: output distribution fo€ assuming a flat input distribution between 0.6 and 2. Rigitld reporting the results of
the CKM Fits forp and7j assuming different input values for the errors(v is the Gaussian error and /2 is the half-width

of the systematic range). The last column is obtained withtarfput distribution between 0.6 and 2.

4.2. Scan analysis

In the study of the sensitivity of the UT fit to a given theocatiparameter one should define how to treat
the remaining parameters. In the Bayesian approach (descin the previous section) the remaining
parameters are integrated using their input pdf while irstaadard frequentist approach the confidence
level for a parameter is computed irrespectively of the eslaf all the remaining parameters (logical
“OR” over the values of the parameters).

The technique presented here aims at studying and visuglibe sensitivity of UT fits to theo-
retical uncertainties, in the theoretical parametersep&); minimizing a priori inputs and intermediate
combinations of parameters. The method tries to repres@rg pr triplets of theoretical parameters
while keeping some information on the remaining (undisptyparameters. The input knowledge on a
theoretical parameter is described by a "nominal centrileVaand a "theoretical preferred range”. In
two dimensions the procedure is as follows:

e Pick two of the parametefE for display. Call these thprimary parameters’; and7s.

e Pick a thirdT parameter, theecondary parametéef;. This parameter is singled out for special
attention to the effects of projecting over it.

e Call all the other T parameters thadisplayed parameterd’y.

e For each point P in the grid of scanned value%'of 15, a number of fits will have been attempted,
covering all the scanned values Bf andT’x. For each P, evaluate the following hierarchy of
criteria against the ensemble of results of these fits, ihgrifor the point a value, we call it the
“Level”, which is an integer between 0 and 5 inclusive:

1. Define a minimum acceptable value #¢y?). Did any of the fits for P pass this cut? If not,
assign Level = 0 and stop; otherwise assign Level = 1 androosti

2. Did any of the remaining fits lie within the "theoreticallyeferred region” foall the undis-
played parameterEx ? If not, stop; if yes, assign Level = 2 and continue.
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3. Did any of the remaining fits have the secondary paranieterithin its "theoretically pre-
ferred region™? If not, stop; if yes, assign Level = 3 and ouurg.

4. Did any of the remaining fits havé; equal to its "nominal central value™? (That value
must have been included in the scan grid for this to make getfs®ot, stop; if yes, assign
Level = 4 and continue.

5. Did any of the remaining fits hawal the undisplayed parametefry also at their "Tnominal
central values”? If not, stop; if yes, assign Level =5 angbsto

e Now display contours of the quantity Level over the grid iaeTh®75 plane. Assign a unique color
to each parameter T, so the contoursigrat Level = 3,4 are drawn in the color corresponding
to that parameter. The contours for Level = 4,5, which cqoed to restrictions of parameters
exactly to their central values, are also drawn distingtjweith dashing.

The Level 3 contour (solid, colored), in particular, dig@ahe allowed region, at the selected
confidence level, fol} andT5, based on the experimental data and on limiting all otheorttecal
parameters to their preferred ranges. Study of the relagigeing of the Level 2, 3, and 4 contours
readily reveals the effects of the application of figbounds on the fit results.

e Overlay the contours with straight lines showing the thécadly preferred ranges and nominal
central values foff} andT5, in their respective unique colors, again with dashing far ¢entral
value. This allows the theoretical bounds Bnand T, to be evaluated directly for consistency
against all other available data, yet avoiding any conealutse of priors for these two parameters.
Comparison of these theoretical bounds 1grand 7, with the Level 3 contour that shows the
experimental information, constrained by the applicatbthe theoretical bounds dfi; and the
T, allows a direct visual evaluation of the consistency oéwadlilable information, with the effects
of the application of all theoretical bounds manifest, nosaured by convolutions performed in
the fit itself.

Figure 5.10 shows the results of the previous proceduregugi/ Bz andV,, as primary param-
eters,By as secondary parameter, while the undisplayed parambee (is just one in this case)§s
What can be seen immediately is that the entire theoretiedibwed region for the primary parameters,
shown by the crossing of the solid lines, is consistent wiithha other data, including the theoretical
bound onBg, and that even when all parameters are constrained to thetirat values the resulting fit
(there can be only one at that point) is fully consistent. rigjirag the role of primary, secondary, and
undisplayed parameters in many different ways, helps tetstand the role of these parameters in the fit.

These plots can be extended in three dimensions by drawéntitbe bi-dimensional projections
of the allowed region. Several three dimensional plots anithér details can be found in [15].

5. Fit comparison

In this section we compare the results on the CKM quantitiesined following two approaches:
Bayesian andRfit. The common set of inputs are the ones available at the dihtlee Workshop (Ta-
ble 5.1). The Scan method has not been included in the cosapabecause it does not evaluate overall
allowed regions for the CKM parameters. As explained in trevipus sections, the main difference
between the Bayesian and tRfit analyses originates from the computation of the Likatiidunctions
(identified with pdfs in the Bayesian case) for each paranaetd in the treatment of the Likelihood fit.

5.1. Input likelihoods and combination of likelihoods

In general a determination of a given quantity is charaoterby a central value, a statistical error and a
systematical error. Starting from such a splitting of theer Bayesian and frequentist approaches may
describe this quantity according to different likelihoash€tions.
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Fig. 5.10:Results of the procedure described in the text, uﬁgg\/Bgd and V., as primary parametersx as secondary

parameter, and as undisplayed parameter.

In the Bayesian approach, the basic assumption is that flne @ any quantity is distributed
according to a pdf. The final pdf of a certain quantity is o by convoluting the pdfs corresponding
to the different uncertainties affecting the quantity. artitular, the uncertainty on a quantity is usually
splitted in two parts: a statistical part which can be désctiby a Gaussian pdfi(z — x¢) (this part
may contain many sources of uncertainties which have beead combined into a single pdf) and
another part which is usually of theoretical origin and iepfrelated to uncertainties due to theoretical
parameters. In the following we will denote it as theordtgystematics. It is often described using an
uniform pdf:U(z) = 1/20¢pheo fOr & € [29 — Otheo, To + Ttheo] @NAU (x) = 0 elsewhere. The combined
pdf P is then obtained by convoluting the Gaussian @dtith the uniform pdi/: P = G @ U.

In the frequentist analysis, no statistical meaning iskatted to the uncertainties related to theo-
retical systematics. The likelihood functighfor the quantityz contains a statistical patf,ex, (x — ),
described by a Gaussian with mean valtjg and a “not-statistical” partLin.,(z(). The function
Lineo(2(), as denotedrfit likelihood, is a uniform functionCiye, (z() = 1 for z(, € [x0 — Gtheo, To +
Ttheo) @Nd Lineo () = 0 elsewhere. The final likelihood is given by the prodécts Lexp(z — ) -
Lineo (). In conclusion, when a quantity contains an uncertainty kictv the frequentists do not
attribute any statistical meaning, the likelihood whictsatibes this quantity is obtained as a product
between this uncertainty and the statistical one.

When several determinations of the same quantity are élaitme may combine them to obtain
a single input for a quantity entering the fit (these consitiens apply for example to the determina-
tions of |[V,,;| and|V,;|). We suppose, in the following, that these determinatioresnat correlated. In
addition, it is assumed that the various determinationh@de quantities are compatible. Then, for the
combination, the Bayesian approach calculates the pramfutie single pdfs, whereas the frequentist
approach calculates the product of the individual likeditie. Hence, the mathematical concepts for the
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Fig. 5.12: TheALikelihood forFz, v/ BBd, Bk and¢ using the Bayesian and frequentist approaches.

combination procedure of the two statistical approachesdamntical.

5.2. Distributions for the relevant quantities in the CKM fit s

The relevant quantities entering the fit are summarizedliteTa. 1 given at the beginning of this Chapter.
Figures. 5.11 and 5.12 show the Log(Likelihood) for|V,| ,|V.»| and for the non-perturbative QCD

parametersFp,\/ Bp, , ¢ and By as obtained following the Bayesian and the frequentist ouath To

be more explicit, in Table 5.2. we show the’6&nd 9%% ranges as obtained following the Bayesian and
the Rfit methods. It can be noticed that differences on the inpantjties between the two approaches
can be important and depend upon the chosen splitting of rloese In the Bayesian approach the
splitting of the total error in two errors is not really impant, since, the two errors are often, already,
the results of the convolution of many different source obes. It has been also shown that the choice
of the shape of the pdf to be attributed to the error has a mtelénpact on the final results [16], once
the central value and the r.m.s. of the pdf has been fixed elRfth this splitting is crucial and a careful
breakdown of the sources of the errors which contribute shauld be done. For this comparison we
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have decided to keep this splitting and to classify certaiore as a flat pdf and “non statistical” for the
Bayesian andRfit approaches, respectively.

Parameters

68% range

95% range

By Rfit (Bayes) [ratio R/B]

0.68-1.06 (0.76-0.98) [1.70

]0.62-1.12 (0.67-1.06) [1.25]

Table 5.2:68% and 95% ranges for some relevant quantities used in the CKM fits irRfiteand Bayes approaches.

5.3. Results and Comparison

Rfit Method
Parameter < 5% CL <1%CL <0.1% CL
17 0.091-0.317 0.071-0.351 0.042-0.379
n 0.273-0.408 0.257-0.423 0.242-0.442
sin 203 0.632-0.813 0.594-0.834 0.554-0.855
5° 42.1-75.7 38.6 - 78.7 36.0-83.5
Bayesian Method
Parameter 5% CL 1% CL 0.1% CL
17 0.137-0.295 0.108-0.317 0.045-0.347
n 0.295-0.409 0.278-0.427 0.259-0.449
sin 23 0.665-0.820 0.637-0.841 0.604-0.863
~° 47.0-70.0 44.0-74.4 40.0 - 83.6
Ratio Rfit/Bayesian Method
Parameter 5% CL 1% CL 0.1% CL
D 1.43 1.34 1.12
n 1.18 1.12 1.05
sin 203 1.17 1.18 1.16
~° 1.46 1.31 1.09

Table 5.3:Ranges at difference C.L fgr 7, sin 28 and~y. The measurements|8f,s| / |Ves| and A M4, the amplitude spectrum

for including the information from thB? — Egoscillations,|eK| and the measurement of si Bave been used.

For the comparison of the results of the fit we ysey, sin 25 and~. Those quantities are
compared at the 95, 99% and 99.9; C.L. It has to be stressed that in the frequentist approazseth
confidence levels correspond ¥05%, >99% and >99.9%. All the available constraints have been
used: the measurements |0f,;,| / |Ve|, AMy, the amplitude spectrum for including the information
from theB? — Eg oscillations,|s x| and the measurement of si.2lt has to be stressed once more that
the inputs used are the same in the two approaches (in termaugsan and uniform uncertainties), but
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they correspond to different input likelihoods, f8r|, |Vis|, Fg, BBd, Bi and¢ as shown in the
previous figures. Figure 5.13 shows the comparison onghg) plane. The numerical results are given
in Table 5.3. Figure 5.14 shows the comparison between kineed regions obtained using Bayesian or
Rfit methods if the constraint from the direct measurementndsis removed from the fit.

1 1
= RFit =
0.8 — Bayesian fit 0.8F
0.6} 0.6}
0.4f Q 95% CL 0.4} Q 99% CL
0.2} All constraints 0.2
01 05 0 0.5 1 01 05 0 05 1
p p

Fig. 5.13: Comparison BayesiaRfit Methods. Allowed regions fgr and; at 95% (left plot) and 99% (right plot) using the
measurements OV,5| / |Ves|, A Mg, the amplitude spectrum for including the information frdraB? —ES oscillations,|e x|

and the measurement of sif¥.2

1 1
= RFit =
0.8} — Bayesian fit 0.8f
0.6} 0.6}
0.4 Q 95% C.L. 0.4 Q 99% C.L.
0.2} All constraints 0.2
but sinB
01 05 0 05 "1 01 05 0 05 "1
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Fig. 5.14: Comparison BayesiaRfit Methods. Allowed regions fgF and 77 at 95% (left plot) and 99% (right plot) using

the measurements (f,;| / |Ves|, A My, the amplitude spectrum for including the information frime B2 — EQ oscillations

and|ex |
5.3.1. Further comparisons

To further the orogin of the residual difference betweentihe methods, we have performed the fol-
lowing test: both methods use the distributions as obtafr@d Rfit or from the Bayesian method to
account for the information on input quantities. The resoftthe comparison using the input distribu-
tions as obtained frorRfit are shown in Figs. 5.15 (Table 5.4). In some cases/{QClL.) the ranges
selected by the Bayesian approach are wider. The compar&og the input distributions, as obtained
from the Bayesian method, give a maximal difference of 5%esEhtwo tests show that, if same input
likelihood are used, the results on the output quantitiesvary similar. The main origin of the residual
difference on the output quantities, between the BayesidrleeRfit method comes from the likelihood
associated to the input quantities.

5.3.2. Some conclusions on the fit comparison

The Bayesian and thefit methods are compared in an agreed framework in terms at iapd output
quantities. For the input quantities the total error hastmsitted in two errors. The splitting and the
p.d.f distribution associated to any of the errors is notlyamportant in the Bayesian approach. It
becomes central in thigfit approach where the systematic errors are treated as ‘tatistisal”’ errors.
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Parameter 5% CL 1% CL 0.1% CL
17 1.20 1.13 0.96

n 1.03 0.99 0.94

sin 23 1.07 1.08 1.07
~° 1.24 1.12 0.95

Table 5.4:Comparison. Ratio for confidence lev&lBt/Bayesian using the distributions as obtained frBfit to account for

the information on input quantities

1 1
= RFit =
0.8f — Bayesian fit 0.8F
0.6} 0.6}
0.4F Q 95% C.L. 0.40 Q 99% C.L.
0.2} All constraints 0.2}
RFit likelihoods
01 05 0 05 "1 01 05 0 05 "1
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Fig. 5.15:Comparison BayesiaRfit Methods using the distributions as obtained frBfit to account for the information on
input quantities. Allowed regions fgr and 7 at 95% (left plot) and 99%(right plot) using the measureraestt| Vay| / |Ves|

and A M, the amplitude spectrum for including the information frdre B — Eg oscillations, |e x| and the measurement of

sin 28.

The result is that, even if the same central values and earersised in the two methods, the likelihood
associated to the input parameters, which are enteringeitfitting procedure, can be different. The
output results &,7, sin2 3, ~) differ by 15/%-45%, 10%-35% and 5-1%; if the 95%, 99% and 99.%
confidence regions are compared, respectively, with rafigasthe frequentist method being wider. If
the same likelihoods are used the output results are vetilasim

6. Test of the CKM picture in the Standard Model

After comparing different statistical methods, in this fiB&ction we show how the present data can be
used to test the CKM picture of the Standard Model. The regukisented here have been obtained with
a Bayesian fit to the latest inputs of Table 5.1. The centraleg errors and8% (95%) [and99%] C.L.
ranges obtained for various quantities of interest areectg in Table 5.5.

The most crucial test is the comparison between the UT paesismdetermined with quantities
sensitive to the sides of the UT (semileptonic B decays awcdlatons) with the measurement of CP
violation in the kaon sectoli{x|) and, also with the one in the B (sifigsector. This test is shown in
Fig. 5.16. It can be translated quantitatively into a congoer between the values of sipdbtained
from the measurement of the CP asymmetry in.fii¢ K? decays and the one determined from “sides*
measurements:

sin2f8 = 0.685 £ 0.052 (0.581,0.789) indirect — sides only
sin26 = 0.734 £ 0.054 (0.628, 0.840) B0 — J/yK?

where, within parentheses, we give also the:3Fobability region. The spectacular agreement between
these values shows the consistency of the Standard Modeasicriding the CP violation phenomena
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V| x 103 4154+ 0.8 (39.9,43.1) [39.1,43.9]
7 0.341+ 0.028 (0.288,0.397) [0.271,0.415]
b 0.178+ 0.046  (0.085,0.265) [0.052,0.297]
sin 23 0.705+ 0.037 (0.636,0.779) [0.612,0.799]
sin 20 -0.194+ 0.25 (-0.62,0.33) [-0.75,0.47]
v(degrees) 61.5+7.0 (49.0,77.0) [44.3,82.1]
AM (ps™) 18.3+ 1.7 (15.6,22.2) [15.1,27.0]

Table 5.5:Values and errors for different quantities using the prédemwledge summarized in Table 5.1. Within parentheses

and brackets the 9% and 9% probability regions are, respectively, given.

Fig. 5.16: The allowed regions fop and7 (contours at 68%, 95%) as selected by the measurements,gf/ |Ves|, AMaq,
and by the limit omA M, /A M, are compared with the bands (at 68% and 95% C.L.) from CP timtan the kaon {x) and

in the B (sin®) sectors.

in terms of one single complex parameter Conversely, assuming the validity of the SM, this is also
an important test of the OPE, HQET and LQCD theories whicheHaeen used to extract the CKM
parameters. It has to be noted that the test is significanided that the errors on sinG2rom the two
determinations are comparable. Presently, the accuraogtbfis at the 1% level. It is also of interest
to explicitly make predictions for quantities which will Ileeasured in the next future. We concentrate
on A M, which will be soon measured at Tevatron. The results obddyeexcluding (or including) the
information from theB? — BY analyses are:

AM,(with AM, included) = 18.3 + 1.7 (15.6,22.2) [15.1,27.0] ps |
AM,(without AM, )= 20.6 4 3.5 (14.2,28.1) [12.8,30.7] ps~! .

where, within parentheses, we give thé/9a&nd the 99 regions.

It will be interesting to compare these results with futureasurements with the goal of identify-
ing new physics contributions. Moreover a precise measenemf A M, will reduce significantly the
uncertainties in the output quantities in Table 5.5.
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Chapter 6

FUTURE DIRECTIONS

This chapter contains a few contributions related to fupossibilities for the extraction of the CKM
elements and of the CP violating phases. They include geseegtegies for the determination of the
CKM matrix elements, radiative rare B decays, weak phasermnation from hadronic B decays and
rareK — wvv decays. Since these topics have not been the subject of@tktliworking group at this
meeting of the Workshop, we present them in the form of cté#papers under individual authorship.

1. General strategies for the CKM matrix
A.J. Buras, F. Parodi and A. Stocchi

During the last two decades several strategies have bepongad that should allow one to deter-
mine the CKM matrix and the related unitarity triangle (UWe have already discussed a number of
processes that can be used for the determination of the CKMders in Chapters 2—4. Additional
processes and the related strategies will be discussers ipettt. They are also reviewed in [1-5]. In this
first opening section we want to address the determinatidheo€KM matrix and of the UT in general
terms leaving the discussion of specific strategies to theWfing sections.

To be specific let us first choose as the independent paraneter
|Vus|7 |V;b|7 0, n. (1)

The best place to determin, ;| and|V,;|, as discussed already in detail in Chapters 2 and 3, are the
semi-leptonic K and B decays, respectively. The questiahwie want address here is the determination
of the remaining two paramete(s, 77).

There are many ways to determifig, 7). As the length of one side of the rescaled unitarity
triangle is fixed to unity, we have to our disposal two sidBg,and R; and three anglesy, 5 and~.
These five quantities can be measured by means of rare K andaysdand in particular by studying
CP-violating observables. While until recently only a hiamaf strategies could be realized, the present
decade should allow several independent determinatiorig, g that will test the KM picture of CP
violation and possibly indicate the physics beyond the &ieshModel (SM).

The determination ofg,77) in a given strategy is subject to experimental and the@legoors
and it is important to identify those strategies that areeexpentally feasible and in which hadronic
uncertainties are as much as possible under control. Stetiegies are reviewed in [1-5] and in the
following sections below.

Here we want to address a different question. The deterromaf (g, 77) requires at least two
independent measurements. In most cases these are theenezsts of two sides of the UT, of one side
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and one angle or the measurements of two angles. Sometioasbe directly measured and combining
it with the knowledge of one angle or one side of the WTan be found. Analogous comments apply
to measurements in whichis directly measured. Finally in more complicated straitegine measures
various linear combinations of angles, sideg@nds.

Restricting first our attention to measurements in whiclkesiand angles of the UT can be mea-
sured independently of each other, we end up with ten diffgpairs of measurements that allow the
determination of g, 7). The question then arises which of the pairs in question istrefficient in the
determination of the UT? That is, given the same relativersron R, R;, o, § and~, we want to find
which of the pairs gives the most accurate determinatiofsof).

The answer to this question depends necessarily on thesvald®,, R;, o, 5 and~y but as we will
see below just the requirement of the consistencRpfvith the measured value ¢¥,;,/V,;| implies a
hierarchy within the ten strategies mentioned above.

During the 1970’s and 19808 £p, the Fermi constant’ and the sine of the Weinberg angle
(sin Ay) measured in the-N scattering were the fundamental parameters in terms oftwthie elec-
troweak tests of the SM were performed. After tH& boson was discovered and its mass precisely
measured at LEP-kin 0y, has been replaced by, and the fundamental set used in the electroweak
precision studies in the 1990’s has béewyrp, Gr, Mz). It is to be expected that whely, will be
measured precisely this set will be changeddg@rp, Mw, Mz) or (Gr, My, Mz).

We anticipate that an analogous development will happehigndecade in connection with the
CKM matrix. While the set (1) has clearly many virtues and basn used extensively in the literature,
one should emphasize that presently no direct independeasumements af and g are available.|7|
can be measured cleanly in the deédy — 7v. On the other hand to our knowledge there does not
exist any strategy for a clean independent measurement of

Taking into account the experimental feasibility of vagomeasurements and their theoretical
cleanness, the most obvious candidate for the fundamesttial the quark flavour physics for the coming
years appears to be [6]

|Vus|a |‘/ch|7 Ry, ﬁ (2)

with the last two variables describing th&; coupling that can be measured by means ofRhe- B°
mixing ratio AM,;/AM, and the CP-asymmetry, ., respectively. In this context, we investigate [6],
in analogy to thgg, 77) plane and the plangsin 23, sin 2«) [7] and (v, sin 23) [8] considered in the
past, the( Ry, 3) plane for the exhibition of various constraints on the CKMurixa We also provide the
parametrization of the CKM matrix given directly in termstbé variables (2).

While the set (2) appears to be the best choice for the coneagsy our analysis shows that in
the long run other choices could turn out to be preferablehigicontext it should be emphasized that
several of the results and formulae presented here are tilgmew and have been already discussed
by us and other authors in the past. In particular in [9] it baen pointed out that only a moderately
precise measurement eifn 2o can be as useful for the UT as a precise measurement of the @ngl
This has been recently reemphasized in [10-12], see cotinibin this Chapter, Sec. 3.3.. Similarly
the measurement of the pdir, 5) has been found to be a very efficient tool for the determinaticthe
UT [13,14] and the construction of the full CKM matrix frometlangles of various unitarity triangles
has been presented in [15]. Next, the importance of the(pairsin 2/3) has been emphasized recently
in a number of papers [16—20]. Many useful relations relef@rihe unitarity triangle can also be found
in [21,22]. Finally, in a recent paper [6] we have presentsgistematic classification of the strategies in
question and their comparison. In fact the results of thpepaonstitute the main part of this section.
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1.1. Basic formulae

Let us begin our presentation by listing the formulae gand# in the strategies in question that are
labeled by the two measured quantities as discussed above.

R; andg3
0=1— Rycosf, 7= Rysinf . 3)
Ry and~y
0 = Rpcos~, N = Rysin~y . 4)
Ry andR;
1
o= S(L+ Ry = Ry), =/} ¢ (5)

where#n > 0 has been assumed.

Ry and~y
This strategy uses (4) with

Ry = cosy £ \/R? —sin®~ . (6)

The two possibilities can be distinguished by the measuafgbvof Ry,

Ry ands
This strategy uses (3) and

Ry = cos 34 \/R? —sin® 3. (7)

The two possibilities can be distinguished by the measua&be\of R;.

R; anda

0=1— R?sin’a + R;cosay/1 — R?sin?a, (8)
N = Risina {Rt cosa+1/1 — R?sin a} 9)

wherecosy > 0 has been assumed. Fars~ < 0 the signs in front of the square roots should be
reversed.

Ry ando

@zRgsm2a—Rbcosa\/1—Rbsm a, (20)
N = Rpsina [Rbcosa—i—\/l—Rbsm a] (11)

wherecos 3 > 0 has been assumed.

3 and~y
sin «y _sinfg
="' _ R 12
sin(8 + ) " sin(B+7) 42
and (5).
a and~y
_ siny _ sin(a +7)
B = sina’ By = sin a (13)
and (5).
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« andg
sin(a + ) R — sin 3

. 9 b — .
S ¢« S ¢«

Ry = (14)

and (5).
Finally we give the formulae for the strategies in whiglis directly measured and the strategy

allows to determing.
71 and Ry or Ry,

@:1_\/R%_ﬁ27 0== Rl%_ﬁza (15)

where in the first case we have excluded the + solution in vieR,0< 0.5 as extracted from the
experimental data ofV;|.

77 andg or vy

(16)

1.2. CKM matrix and the fundamental variables

It is useful for phenomenological purposes to express thEl@Giatrix directly in terms of the parameters
selected in a given strategy. This can be easily done bytingethe formulae forg and#; presented
here into the known expressions for the CKM elements in tevfthese variables [23,13] as given
in Chapter 1.

Here we give explicit result only for the set (2). In order tmglify the notation we use instead
of |Vius| asVis = A + O(A\7). We find

A

ot 1y 6 _ — Rye'®
1 .
Ver = =2+ 5AVal> = AVal* [1 = Ree™] +-O(NT), (18)
ot L Ly e 6
Ves = 1= 54" = 2 2|Vcb| + O(\%), (19)
1 .
Vib=1- §|Vcbl2 + 0%, Via=AVy|Rie P + O\, (20)
1 .
Vis = = |Vaal + 53 Vial = X|Vaa| [1 = Ree™] + O(X°) . (21)

1.3. Hierarchies of the various strategies

The numerical analysis of various strategies listed aba® performed using the Bayesian approach as
described in the previous Chapter. The main results of tiadyais are depicted in Figs. 6.1, 6.2, 6.3 and
6.4. In Figs. 6.1 and 6.2 we plot the correlation between tieeipions on the variables relevant for a
given strategy required to reach the assumed precisigreoidl g, respectively. For this exercise we have
used, for;; and g, the central values obtained in the previous Chapter. QisWjostrategies described
by curves in Figs. 6.1 and 6.2 that lie far from the origin amreneffective in the determination of the
unitarity triangle than those corresponding to curvesqaatose to the origin.
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Fig. 6.1: The plot shows the curves of the%@elative precision onj as a function of the precision on the variables of the

given strategy.
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02 2-o(y) vs. o(R,)
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Fig. 6.2: The plot shows the curves of the%5elative precision orp as a function of the precision on the variables of the

given strategy.
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Figures 6.1 and 6.2 reveal certain hierarchies within thetegjies in question. In order to find
these hierarchies and to eliminate the weakest ones notsimotliese figures we divided first the five
variables under consideration into two groups:

(Rt,OZ,'Y), (vaﬁ) . (22)

It turned out then that the four strategi@3;, «), (R:, ), (a,y) and (R, 5) which involve pairs
of variables belonging to the same group are not partigulaskeful in the determination dfo, 7). In
the case of Ry, 3) this is related to the existence of two possible solutionstated above. If one of
these solutions can easily be excluded on the basig ofhen the effectiveness of this strategy can be
increased. We have therefore included this strategy in oomemical analysis. The strategR;, v) turns
out to be less useful in this respect. Similarly the strategyy) is not particularly useful due to strong
correlation between the variables in question as discyzsadbusly by many authors in the literature.

The remaining six strategies that involve pairs of varialidelonging to different groups in (22)
are all interesting. While some strategies are betterditethe determination af and the other fop,
as clearly seen in Figs. 6.1 and 6.2, on the whole a clearmgriistrategies seems to emerge from our
analysis.

If we assume the same relative error@ns, v, R, and R; we find the following hierarchy:

1) (775)7 (/77Rb) 2) (O‘>ﬁ)7 (ava) 3) (Rtyﬁ)v (RtaRb)> (Rbaﬁ) (23)

We observe that in particular the strategies involvigygand~ are very high on this ranking list.
This is related to the fact thd, < 0.5 < R; and consequently the action in ttg 77) plane takes place
closer to the origin of this plane than to the corner of the Molving the angles. Consequently the
accuracy onR, and~ does not have to be as high as ¢y and 3 in order to obtain the same accuracy
for (g,7). This is clearly seen in Figs. 6.1 and 6.2.

This analysis shows how important is the determinatioRp&nd~ in addition tog that is already
well known. On the other hand the strategy involviRg and 5 will be most probably the cleanest one
before the LHC experiments unless the error on andtem B factories and Tevatron can be significantly
decreased below0% and the accuracy oR, considerably improved. The explicit strategies for the
determination ofy are discussed in the following sections.

The strategies involving: are in our second best class. However, it has to be noticédhtbader
to get 104(15%) relative precision omj(p) it is necessary (see Figs. 6.1 and 6.2) to determimndgth
better than 1% relative precision. Ifin 2« could be directly measured this could be soon achieved due
to the high sensitivity ofin 2o to o for « in the ball park 0f0° as obtained from the standard analysis
of the unitarity triangle. However, from the present pecspe this appears to be very difficult in view of
the penguin pollution that could be substantial as indatéiethe most recent data from Belle [24]. On
the other hand, as the BaBar data [25] do not indicate thisigpnt, the situation is unclear at present.
These issues are discussed in detail in the following sextio

We have also performed a numerical analysis for the stegdgiwhich|7| can be directly mea-
sured. The relevant formulae are given in (15) and (16).ritdwut that the stratedyy, 7) can be put in
the first best class in (23) together with the strate¢ies’) and (v, Ry).

In Fig. 6.3 we show the resulting regions in thg 77) plane obtained from leading strategies
assuming that each variable is measured Wit%t accuracy. This figure is complementary to Figs. 6.1
and 6.2 and demonstrates clearly the ranking given in (23).

While at present the set (2) appears to be the leading caadmtathe fundamental parameter set
in the quark flavour physics for the coming years, it is noaclghich set will be most convenient in the
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second half of this decade when the B-factories and Tevatitbimprove considerably their measure-
ments and LHC will start its operation. Therefore it is ofeirdst to investigate how the measurements
of three variables out of, 3, v , R, and R; will determine the allowed values for the remaining two
variables. We illustrate this in Fig. 6.4 assuming a retagwor of10% for the constraints used in each
plot. While this figure is self explanatory a striking feaonsistent with the hierarchical structure in
(23) can be observed. While the measurements.oR;, R;) and(«, 3, R;) as seen in the first two plots
do not appreciably constrain the parameters of the tworegstrategie$, ) and( Ry, ), respectively,
the opposite is true in the last two plots. There the measemésrof( Ry, v, a) and (3, v, «) give strong
constraints in thés, R;) and (R, R;) plane, respectively. The last two plots illustrate als@diethat
measuring onlyy and~ does not provide a strong constraint on the unitarity tilieng

1 1
| |
= I Strategy -3 = I Strategy y-R,
05 05 F
i
01 0 1 Y 0 1
P P
1 1
= Strategy o> = I Strategy o-R,
05 05
: )
01 0 1 Y 0 1
P P
1 1
= [ Strategy R-[} = I Strategy R-R,
05 | 05 |
&, : @»\
| L L | | L L
01 0 1 0 0 1

p p

Fig. 6.3: The plots show the allowed regions f6&nd 95%) in the (g, 77) plane obtained from the leading strategies assuming

that each variable is measured with% accuracy.
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quantity.
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1.4. Results for the presently available strategies

At present the concrete results can be obtained only forttheegies R&:, ), (Ry, R;) and Ry, ) as no
direct measurements gfanda are available.

The results fop and7; for the three strategies in question are presented in Tabler@l in Figs.
6.5, 6.6 and 6.7. To obtain these results we have used thet dieasurement of sin®2[26], R; as
extracted fromA M, andA M,/ A M, by means of the formulae in [5,27] atft} as extracted froniV,|.

Strategy p 7

(R, #) | 0.1577005 | 0.3677003
[0.047-0.276] | [0.298-0.439]
(Ri, Ry) | 0.161700% 0.3617003%
[0.043-0.288] | [0.250-0.438]
(Ry,8) | 0.137%0132 | 0.373%((c3
[-0.095-0.357]| [0.259-0.456]

Table 6.1: Results forp and 7; for the three indicated strategies using the present kndgdesummarized in Table 5.1 in
Chapter 5. For the strategy;, 3), the solution compatible with the region selected byRheconstraint has been considered.

In squared brackets the 96 probability regions are also given.

0.8

0.6

0.4}

9

0.2}

Fig. 6.5: The plot shows the presently allowed regions¥6867%,99% and 99.9%) in the (p, ) plane using théR,, 3) strategy:
the direct measurement of sig2and R from AMy and AMy/AM;.

The experimental and theoretical inputs are summarizedhap@r 4 It should be emphasized
that these three presently available strategies are thikesteamong the leading strategies listed in (23).
Among them(R;, 3) and(R;, R;) appear to be superior {d;, 3) at present. We expect that onde//,
has been measured and the errorsor2 reduced, the strategyr;, 3) will be leading among these
three. Therefore in Fig. 6.8 we show how the presently avigilaonstraints look like in théR;, 3)
plane.
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Fig. 6.6: The plot shows the allowed regions (6®5%,99% and 99.9%) in the (5, 77) plane using theé R;, R;,) strategy: R:
from AMy and AMy/AM, and Ry, from |Vyp).
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Fig. 6.7: The plot shows the allowed regions §685%,99% and 99.9%) in the (5, 77) plane using thé R, 3) strategy: direct

measurement of sin®2and R;, from |V, /Ves|-
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Fig. 6.8: The plot shows the allowed regions f6&nd 9%%) in the (R:, 3) plane. Different constraints are also shown.

1.5. Summary

We have presented a numerical analysis of the unitaritygtéafrom a different point of view, that em-
phasizes the role of different strategies in the preciserdehation of the unitarity triangle parameters.
While we have found that the paifs, 3), (v, Ry) and(~, 77) are most efficient in determining, 7), we
expect that the paifR;, 5) will play the leading role in the UT fits in the coming years,particular,
whenA M will be measured and the theoretical erroréomecreased. For this reason we have proposed
to plot available constraints on the CKM matrix in the;, 5) plane.

It will be interesting to compare in the future the allowedgas for(p, 77) resulting from different
strategies in order to see whether they are compatible &ith ether. Any discrepancies will signal the
physics beyond the SM. We expect that the strategies imglyiwill play a very important role in this
comparison.

For the fundamental set of parameters in the quark flavousipygiven in (2) we find within
the SM

|Vius| = 0.2240 + 0.0036, |Vip| = (41.3 £ 0.7)1073, Ry = 0.91 £0.05, § = (22.4 + 1.4)°,

where the errors represent one standard deviations andgtl for 5 corresponds tein 25 = 0.705 +
0.035.

A complete analysis of the usefulness of a given strategyldradso include the discussion of its
experimental feasibility and theoretical cleanness. Esit@ studies of these two issues can be found
in [1-5] and in these proceedings. Again among variousegires, thg R, 3) strategy is exceptional as
the theoretical uncertainties in the determination ofeh®g variables are small and the corresponding
experiments are presently feasible. In the long run, wherll be cleanly measured iB; — D7 and
B; — DsK decays and constrained through other decays as reviewmafiollowing sections, we expect
that the strategy-, 3) will take over the leading role. Eventually the independdirgéct determinations
of the five variables in question will be crucial for the testshe SM and its extensions.
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2. Radiative rare B decays
A. Ali and M. Misiak

The transitiond — s(d)y andb — s(d)¢* ¢~ receive sizable contributions from loops involving the top
quark (Fig. 6.9). Their dependence By andV,; may be used to test unitarity of the CKM matrix and
to overconstrain the Wolfenstein parametgrandz. The considered transitions manifest themselves
in exclusiveB-meson decays lik® — K*y, B — K*/*¢=, B — py and B — p¢ft¢~. The
corresponding inclusive decajs— Xo(a)y andB — Xs(d)€+£‘ are experimentally more challenging,
but the theoretical predictions are significantly more aat®) thanks to the use of OPE and HQET.
The exclusive processes remain interesting due to possileghysics effects in observables other than
just the total branching ratios (photon polarization, jBos and CP-asymmetries), as well as due to
information they provide on non-perturbative form-fastoif his information is particularly required in
analyzing exclusive modes generated by#the d~ transition, in which case there is little hope for an
inclusive measurement.

v Y

Fig. 6.9:Leading-order Feynman diagrams fér— s(d)~ in the SM.

In this section we discuss briefly the generic features ofdk& phenomenology in the consid-
ered rare B-decays. The transitiohs— sy andb — s¢™¢~ involve the CKM matrix elements from
the second and third column of this matrix, with the unijagonstraint taking the form_, ., A; = 0,
with \; = V;;V;%. This equation yields a unitarity triangle which is highiyusshed, as one of the sides
of this triangleX, = V,, V', ~ AX*(p — in) is doubly Cabibbo suppressed, compared to the other two
sides\. ~ —\; = A)\? + .... Hence, the transitions — sy andb — s¢*¢~ are not expected to yield
useful information on the parametegsand7, which define the apex of the unitarity triangle of current
interest (see Chapt. 1). The test of unitarity for thes s transitions in rare B-decays lies in checking
the relation)\; ~ —\., which holds up to corrections of ordaf.

The impact of the decayls — dv andb — d¢*¢~ on the CKM phenomenology is, however,
quite different. These transitions involve the CKM matrlgraents in the first and third column, with
the unitarity constraints taking the form,, ., & = 0, with §; = V;, V5. Now, all three matrix elements
are of orden\3, with &, ~ AX3(p — in), & ~ —AN3, and&; ~ AN3(1 — p — 4n). This equation leads
to the same unitarity triangle as studied through the camsgV,,;,/ V., AMp, (or AMp,/AMEg,).
Hence, the transitions — dy andb — d¢™¢~ lead to complementary constraints on the CKM pa-
rametersp and, as illustrated in the following. Thus, the role of rare Bedgs is that they provide
complementary constraints on the CKM matrix elements, édast the CKM unitarity, but they also
constrain extensions of the Standard Model, and by thahtoke act as harbinger of new physics.

A theoretical framework for analyzing the — s+ transition is set by the effective interaction
Hamiltonian

AGF ®
Hett = ——=VisVis Y, Ci(1) Qi (24)
\/5 =1
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The generic structure of the operatgysis as follows:

(8Tc)(elsh), 1=1,2,
(8T3b) 3=, (a159), i=3,4,5,6, (¢ =u,d,s,c,b)
Q=1{ | (25)
WZ)Q‘SLU bRF/JlM 1=1,
—;ﬁ%mb SLO"WTabRij, 1 = 8.

Here,I'; andI”, denote various combinations of the colour and Dirac matrid&verything that is not
important forb — s+ at the leading order invey,, my/mw, ms/my and V,,/Ve, has been neglected
in Eq. (24).

Perturbative calculations (see Ref. [28] and refs. th¢raia used to find the Wilson coefficients
in the MS scheme, at the renormalization scale~ my,

2
Cilia) = € ) + o0 ) (220 ) 0 ) (26)
T 4

Here,CZ.(")(ub) depend oru, only via the ration = as(uo)/as(i), wherepy ~ myy. In the Leading
Order (LO) calculations, everything bGlfO) (1p) is neglected in Eq. (26). At the Next-to-Leading Order
(NLO), one takesCZ.(l)(ub) into account. The Wilson coefficients contain informatiam tbhe short-
distance QCD effects due to hard gluon exchanges betweequtmi lines of the leading one-loop
electroweak diagrams (Fig. 6.9). Such effects enhancedttarpative branching rati&(b — sv) by
roughly a factor of three [29].

The same formalism applies to— d~, too. The corresponding operatais are obtained by
replacings — d in Eqg. (25), and by including the-quark analogues af); ». The latter operators are
no longer CKM-suppressed. The matching conditi6hé.y) and the solutions of the RG equations,
yielding C;(up), coincide with those needed for the procéss s-.

2.1. Inclusive B — X,y decay

The inclusive branching ratiB(B — X,v) was measured for the first time by CLEO in 1995 [30]. The
present world averages

B(B — Xoy (B, >1.6GeV)) = (3.285041) x 1077, (27)
BB — Xyy (By> gy, ) = (340 42) x 107 (28)
are found from the following four measurements
BB — Xgv (Ey > &my)) = -3.88 + 0.365tas & 0.37sys (tg )theory x 107%, (BABAR[31]),
BB — X,y (By > $mp)) = 3,91 £ 0,430 & 0. 2ys (tg }g)theory x 1074, (CLEO[32)),
BB — Xy (By > $my)) = _3.36 + 0.53ta1 =+ 0.4y (+8 gg)thwy x 1074, (BELLE [33)]),

Bb— s7) = (3.11 40804 £ 0.72ys) X 1074, (ALEPH [34]),

in which full correlation of the “theory” errors has beenas®d. The averages (27) and (28) are per-
fectly consistent with the SM predictions [35,36]

BB — Xgy (B, >1.6GeV))sm = (3.57£0.30) x 1074, (29)
BB — Xy (By> smp ))sm = 3.70 x 1074 (30)
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By convention, contributions tB — X~ from the intermediate real and’ are treated as background,
while all the continuunxe states are included assuming quark-hadron duality. Notiramum states
other thary) and+’ have negligible effect.

When the theoretical result (29) is reevaluated without afsthe CKM unitarity in the domi-
nant contributions (i.e. everywhere except for three sifralR.5%) corrections), comparison with the
experiment (27) leads to the following constraint on the CKidtrix elements

| 1.69 Ay + 1.60 A + 0.60 X¢ | = (0.94 & 0.07) [Vap). (31)

After using the numerical values of. ~ |V,;| = (41.0 £ 2.1) x 10~3 and\, from the PDG [37], this
equation yields\; ~ —47 x 103 with an error of around 17%. This is consistent with the uitita
relation\. ~ — ;. This relation, however, holds in the SM with much bettenmacy than what has just
been derived from Eg. (31). On the other hand, if the SM witleBeagations is not valid, Eg. (31) is not
valid either.

Contrary toB(B — X,v), the branching ratidd(B — X,v), if measured, would provide us
with useful constraints on the Wolfenstein paramefeands;. After using the CKM unitarity, it can be
written as

|Ven|2 |Ven|2 Ve |2 |V |?

The factors; have been defined earlier. The quantitiés(a = ¢, u, r, i), which depend on various input
parameters such as;, my, m., up anda,, are given in Ref. [38]. Typical values of these quantities (
units of \Y) are: D; = 0.154, D,, = 0.012, D,, = —0.028, andD; = 0.042, corresponding to the scale
u = 5 GeV, and the pole quark mass ratia./m; = 0.29. The charge-conjugate averaged branching
ratio (B(B — X)) is obtained by discarding the last term on the right hand cidgg. (32).

It is convenient to consider the ratio

BB — Xq7)

Dy + D, + D, + D;. (32)

(BB~ X)) _ [&f , Dul&l® , Dy Re(&&)
(B(B — X)) AP De M D [N
= N (1—/3)2+ﬁ2+%(ﬁ2+ﬁ2)+%(ﬁ(1—ﬁ)—ﬁ2) +0(\)
t t
~ 0.036 [for (p,7) = (0.22,0.35)] . (33)

The above result together with Eq. (30) implig&B — X;v)) ~ 1.3 x 1075 in the SM. Thus, with
O(10%) BB events already collected at the B factori€X10%) b — d~ decays are already produced.
However, extracting them from the background remains atrivial issue.

Apart from the total branching ratios, the inclusive decBys— X,(a)y provide us with other
observables that might be useful for the CKM phenomenologiyst, as discussed in Chapt. 3, the
B — X, photon spectrum is used to extract the HQET parametersrhatucial for the determination
of V,, and|V,|. Second, CP-asymmetries contain information on the CKMs@hd@hese asymmetries
can be either direct (i.e. occur in the decay amplitudeshdudéed by thé3B mixing.

The mixing-induced CP-asymmetriesiin— Xy(q)y are very smallQ(myq)/mp)) in the SM, so
long as the photon polarizations are summed over. It follivara the particular structure of the dominant
operatorQ; in Eq. (25), which implies that photons produced in the deaafyB andB have opposite
circular polarizations. Thus, in the absence of new physics, obServaf the mixing-induced CP-
violation would require selecting particulnear photon polarization with the help of matter-induced
photon conversion inte*e~ pairs [39].

The SM predictions for the direct CP-asymmetries read
I'(B— X)) —T(B— Xsv) _ Im(A\A,)D;
I'B— X)+I'(B—Xsv) |[M2Dy

Acp(B — X4v) ~ 0.27TX%7 ~ 0.5%, (34)
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I'B—Xgy) -T(B—Xg7)  Im({&)D;  —0.277
I'B—Xgy)+T(B—Xz3v)  [&I2PDe — (1-p)2 +7?

Acp(B — X47) ~ —13%, (35)

wherep = 0.22 and7; = 0.35 have been used in the numerical estimates. As stressed iff38gf
there is considerable scale uncertainty in the above grens; which would require a NLO calculation
of D; to be brought under theoretical control. The smallnesglef (B — X,v) is caused by three
suppression factorsy, /s, as/m andm?/m3. This SM prediction is consistent with the CLEO bound
—0.27 < Acp(B — X,4v) < 40.10 at 95% C.L. [40].

No experimental limit has been announced so far on eithebttiieching ratio3(B — X4v) or
the CP asymmetrylcp (B — X4v). While experimentally challenging, the measurement cdehguan-
tities might ultimately be feasible at the B-factories whigould provide valuable and complementary
constraints on the CKM parameters.

2.2. Exclusive radiative B decays

The effective Hamiltonian sandwiched between the B-meswhaasingle meson state (sdy;” or p

in the transitionsdB — (K*, p)) can be expressed in terms of matrix elements of bilinearkqoar-
rents inducing heavy-light transitions. These matrix edata are dominated by strong interactions at
small momentum transfer and cannot be calculated periuehat They have to be obtained from a
non-perturbative method, such as the lattice-QCD and thB &@n rule approach. As the inclusive
branching ratioB(B — X,v) in the SM is in striking agreement with data, the role of thanoh-
ing ratio B(B — K*~) is that it will determine the form factor governing the etechagnetic penguin
transition, 75" (0).

To get a firmer theoretical prediction on the decay rate, @seth include the perturbative QCD
radiative corrections arising from the vertex renormaiora and the hard spectator interactions. To
incorporate both types of QCD corrections, it is helpful $& & factorization Ansatz for the heavy-light
transitions at large recoil and at leading order in the isgdreavy meson mass, introduced in Ref. [41].
Exemplified here by th& — V/~* transition, a typical amplitudé; (¢?) can be written in the form

fi(@®) = CLeli (@) + O (¢) + @B © Ti(¢?) ® Dy, (36)

where¢, (¢*) and§;|(¢*) are the two independent form factors in these decays rengainithe heavy
quark and large energy limiff;(¢?) is a hard-scattering kernel calculated®c,); ®5 and @y are
the light-cone distribution amplitudes of the B- and vegatwson, respectively, the symbgl denotes
convolution withTy, andCy, = 1 + O(«;) are the hard vertex renormalization coefficients. In a numbe
of papers [42—-44], the factorization Ansatz of Eq. (36) isveh to hold inO(«), leading to the explicit
O(as) corrections to the amplitudd® — Vv andB — V¢ ¢,

Experiment | Bexp (BY(B") — K*(K™) +7) | Bexp(BE — K** + )

CLEO[45] | (4.5570%2 +0.34) x 1075 (3.7615:89 +0.28) x 1075
BELLE [46] | (3.9140.23 +0.25) x 107° (4.214+0.35+£0.31) x 107°
BABAR [47] | (4.23 +0.40 4 0.22) x 107° (3.83 4 0.62 4+ 0.22) x 107°

—%

Table 6.2:Experimental branching ratios for the decaB%(EO) — KK 0)7 andB* — K**~.
We first discuss the exclusive decBy— K*~, for which data from the CLEO, BABAR, and

BELLE measurements are available and given in Table 6.hocharge conjugated averaged branching
ratios. We note that the BELLE data alone has reached atistaltiaccuracy of better than 10%.
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Adding the statistical and systematic errors in quadratuesget the following world averages for
the branching ratios:

BB? — K*%) = (4.08+0.26) x 1077,
BB* - K*y) = (4.0540.35) x 107° . (37)

The two branching ratios are completely consistent witthezber, ruling out any significant isospin
breaking in the respective decay widths, which is not exgqzbat the SM [48] but anticipated in some
beyond-the-SM scenarios. Likewise, the CP asymmetiy ir» K*~ decays, which in the SM is ex-
pected to be of the same order of magnitude as for the ineuseay, namelylcp(B — K*v) < 1%,

is completely consistent with the present experimentahdeuthe most stringent of which is posted by
the BELLE collaboration [46]:Acp(B — K*v) = —0.022 + 0.048 + 0.017. In view of this, we shall
concentrate in the following on the branching ratio8ir~ K*~ decays to determine the form factors.

Ignoring the isospin differences in the decay width®3of K*~ decays, the branching ratios for
B* — K*ty andB(B") — K**(K*’)v can be expressed as:

BB —K*y) = 75I'n(B—K) (38)
3
GRolVa Vil o s 112 (| Mk || 0l L 41y, 2
iy g Mg M [ (1= ) (O A0

whereGr is the Fermi coupling constant, = a(0) = 1/137 is the fine-structure constanty, ,lc is
the poleb-quark mass)/ and Mg« are the B- and*-meson masses, ang is the lifetime of theB°- or
B*-meson. The quantity’" is the soft part of the form factdf" (¢> = 0) in theB — K* transition,
to which the symmetries in the large energy limit apply. Twe form factors¢f™ and 7% (¢* = 0)
are related by perturbative (o)) and power(O(Aqcp/my)) corrections [50]. Thus, one could have
equivalently expressed th@(«a;)-corrected branching ratio fd8 — K*~v in terms of the QCD form
factor T/ (¢ = 0), and a commensurately modified expression for the exgli¢it,) correction in
the above equation [43]. In any case, the form fa@gr (¢> = 0) or gl* has to be determined by a
non-perturbative method.

The functionA® in Eq. (38) can be decomposed into the following three coraptn
AW () = AG) () + AR (1) + AR (sp) (39)

Here,Agj and A%} are theO(a;) (i.e. NLO) corrections due to the Wilson coefficiedt® and in
theb — sv vertex, respectively, anelgllj)K " is the O(a) hard-spectator correction to the — K*vy
amplitude computed in [42—44]. This formalism leads to thiéofving branching ratio foB — K*~

decays:

1.6 ps/ \4.65 GeV 0.35

where the default values of the three input parameters ade meplicit, with the rest of the theoretical
uncertainties indicated numerically; the default valuetfe form factorgiK )(0) is based on the light-
cone QCD sum rule estimates [49].

2 [ (K*)\ 2
Bin(B — K*y) ~ (7.2 +£1.1) x 1077 ( 5 )( 1%,pole ) (Q ) : (40)

The non-perturbative paramet@f(*)(o) can now be extracted from the data on the branching
ratios forB — K*~ decays, given in Eq. (37), leading to the current world aye(®# (B — K*v)) =
(4.06 +0.21) x 10~°, which then yields

0y = 0254004, |TFV(0,m) = 027 +0.04] (41)
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where we have used th@(«;) relation between the effective theory form facg(f *)(O) and the full

QCD form factorTl(K*)(O,mb), worked out in [50]. This estimate is significantly smallean the

corresponding predictions from the QCD sum rules anawgg)(o) = 0.3840.06 [51,49] and from the
lattice simulations" ) (0) = 0.32+094 [52]. Clearly, more work is needed to calculate The— K*v

decay form factors precisely.

As already discussed, inclusibe— d-~ transitions are not yet available experimentally. Thislken
great importance to the exclusive decays, such as p~v, w~, to whose discussion we now turn. These
decays differ from theiB — K*~ counterparts, in that the annihilation contributions ase®@abibbo-
suppressed. In particular, the isospin-violating ratind &P-asymmetries in the decay rates involving
the decay8* — pty andBO(@) — pYy are sensitive to the penguin and annihilation interferénce
the amplitudes.

We recall that ignoring the perturbative QCD correctionsh® penguin amplitudes the ratio of
the branching ratios for the charged and neutral B-mesoayddnB — p can be written as [53,54]

2

BB~ — p7v) (42)

VinVi
2B(B" — ;07

1+ EAeiqu »
VinVia

~

wheree 4¢/4 includes the dominarif/-annihilation and possible sub-dominant long-distanagrdau-
tions. We shall use the valug ~ +0.30 4 0.07 for the decay$3* — p*~ [55,56], obtained assuming
factorization of the annihilation amplitude. The corresging quantity for the decayB? — p°~ is
suppressed due to the electric charge of the spectator gquBfkas well as by the unfavourable colour
factors. Typical estimates fary in B — p’y put it at around 5% [55,56]. The strong interaction
phasep 4 vanishes inD(«y) in the chiral limit and to leading twist [54], giving theoie! credibility to
the factorization-based estimates. Thus, in the QCD faettion approach the phasgg, is expected to
be small and one usually sets, = 0. Of course,O(«;) vertex and hard spectator corrections gener-
ate non-zero strong phases, as discussed later. The isaslgiting correction depends on the unitarity
triangle phasex due to the relation:

Vo Viga _ _

*
VUqud ele
VirVia

43
ViV (43)

The NLO corrections to the branching ratios of the exclusieeaysB* — p*v andB? — p’v are
derived very much along the same lines as outlined for thaydd® — K*+. Including the annihilation
contribution, theB — p~ branching ratios, isospin- and CP-violating asymmetriesggaven in [43,44].
Concentrating on the decays® — pT+, the expression for the ratiB(py/K*y) = B(B* —
pty)/B(B* — K**v) (where an average over the charge-conjugated modes igihphn be written
as [44] ) .
Vid 2 (MB T Mp) 2
—| ——2=C(1+ A 44
Vio| Qr gz 0 TAR: “
whereS, = 1 for the p* meson, and = ¢ (0)/¢57(0), with €% (0)(¢X(0)) being the form factors (at
q> = 0) in the effective heavy quark theory for the dec@ys+ pv(B — K*v). The quantity(1 + AR)
entails the explicitO(«;) corrections, encoded through the functiomg)K*, Ag)t and A%, and the
long-distance contributiod. For the decayB* — p*y andB* — K**+, this can be written after
charge conjugated averaging as

R(py/K*y) =S,

Cd 4 A, L] i+ RCS
1+ ART = |ZLlu=R <1—2A( 7)
‘ C7 e
2
R [(OF LA + AR (45)
7
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¢ =0.76 %+ 0.10 L% = —0.095 4 0.022

AWK — 0,113 —40.043 | AW = —0.114 —i0.045

A% = —0.0181 +40.0211

N = 0.57 Nee = 1.38 +0.53

Nee = 0.47 £ 0.04 Bk =0.86+0.15

np = 0.55 Fp,\/Ba, = 235 + 3319, MeV
€ =1.18 £0.041512

A = 0.221 £ 0.002 Vi) Vs = 0.097 £ 0.010

ex = (2.271 £0.017) 1073 | AMp, = 0.503 & 0.006 ps~*
apr, = 0.734 £ 0.054 AMp, > 14.4ps~! (95% C.L.)

Table 6.3:Theoretical parameters and measurements usdgl in py observables and in the CKM unitarity fits. For details

and references, see [57,17]

In the SM,C? = (7, as in theb — s+ decays; however, in beyond-the-SM scenarios, this may not
hold making the decayB — p~ interesting for beyond-the-SM searches [57]. The defindiof the
quantitiesA(WE* AW Av and LY, = ¢4 CLV°F can be seen in [44]. Their default values together with
that of ¢ are summarized in Table 6.3, where we have also specifiechdwedtical errors in the more
sensitive parametersand L.

What concerns the quantity callédwe note that there are several model-dependent estinfates o
the same in the literature. Some representative valuesiate.76 + 0.06 from the light-cone QCD
sum rules [55]; a theoretically improved estimate in the sapproach yields [49]¢ = 0.75 + 0.07;
¢ = 0.88 £ 0.02(!) using hybrid QCD sum rules [58], and= 0.69 + 10% in the quark model [59].
Except for the hybrid QCD sum rules, all other approacheklyaesignificant SU(3)-breaking in the
magnetic moment form factors. In the light-cone QCD sum ayproach, this is anticipated due to the
appreciable differences in the wave functions of ifeand p-mesons. To reflect the current dispersion
in the theoretical estimates ¢f we take its value a§ = 0.76 4+ 0.10. A lattice-QCD based estimate of
the same is highly desirable.

The isospin breaking ratio

A0 4 A0 T(B* — p*

Apy =88 aw o TB 27 (46)

2T(BY(B") — p%9)

is given by
Alpy) = M i 1— 2%0?(Ag)t + AZA%)
cf 4
2 * AU

o™ (G + XM LE)AR + \AR)| -1, (47)

and the CP asymmetty(py) = (B(B~ — p~v) — BB+ — p*9))/(B(B~ — p~v) + B(BT —
pty))is

23 [(C4 + L) (AP + ApAY)]
|CF + A L[ '

The observable®®(py/K*y) = B(B® — p4)/B(B’ — K*0v) (whereB is the average of thB® and

B’ modes) andd?,,(py) = (BB — p™y) — BB" — p™))/(B(B" — p~y) + BB’ — 7)) are

AZp(py) = - (48)
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Fig. 6.10: Unitary triangle fit in the SM and the resulting 95%d_. contour in thep - 7 plane. The impact of the

R(py/K*vy) < 0.047 constraint is also shown (from Ref. [57]).

obtained from Egs. (44, 45, 48) in the limit; = 0 andS, = 1/2. The numerical estimates for the
various observables depend, apart from the hadronic p&erspecific to thé&s — V-~ (V. = K*, p)
decays, also on the CKM parameters, in particgland7. A typical analysis of the constraints in the
(p, 1) plane from the unitarity of the CKM matrix [57], includinggimeasurements of the CP asymmetry
ayx, inthe decayﬂ%o/@ — J/¢¥K (and related modes) [60] is shown in Fig. 6.10. Note thatHer t

hadronic parameterEBd\/BBd and&;, the recent lattice estimates [61] have been adopted tkat ta
into account uncertainties induced by the so-called clhigarithms [62]. These errors are extremely
asymmetric and, once taken into account, reduce sizeablyrpact of theAMp, /AMp, lower bound
on the unitarity triangle analysis, as shown in Fig. 6.10e 339 CL contour is drawn taking into account
chiral logarithms uncertainties. The fitted values for thelfdhstein parameters ape= 0.22 £+ 0.07
and? = 0.35 & 0.04. This yieldsART = 0.055 & 0.130 and AR® = 0.015 £ 0.110 [44,57]. The
impact of the current upper limiR(py/K*y) < 0.047 [63] is also shown. While not yet competitive
to the existing constraints on the unitarity triangle, thisely is bound to change with the anticipated
O(1 (ab)~1)) T(45) — BB data over the next three years at the B-factories.

Taking into account these errors and the uncertainties emhioretical parameters presented in
Table 6.3, leads to the following SM expectations forkhe- (K*, p)y decays [57]:

R (py/K*y) 0.023 +0.012 , (49)
R%(py/K*y) = 0.011 £ 0.006 , (50)
Alpy) = 0.04%G47 (51)
ASp(py) = 0107003, (52)
Ap(py) = 0.0640.02. (53)

The above estimates @+ (py/K*~) and R°(py/K*~) can be combined with the measured branching
ratios forB — K*~ decays given earlier to yield:

B(B* — pTy) = (0.93+£0.49) x 1076, B(BY — py) = (0.45+£0.24) x 107¢.  (54)
The errors include the uncertainties on the hadronic paemand the CKM parametegs 77, as well

as the current experimental error 8B — K*v). While there is as yet no experimental bounds
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Fig. 6.11: Extremal values d®(py/K*~v) t hat are compatible with the SM unitarity triangle analy§iem Ref. [57]).

on the isospin- and CP-violating quantitie&{p), A%P(m) and A2 »(pv), the upper limits on the
branching ratios* (py/K*v) and R°(py/K*v) have been significantly improved by the BABAR [63]
and BELLE [46] collaborations recently. Averaged over tharge conjugated modes, the current best
upper limits are [63]B(B° — p%y) < 1.4 x 1075, B(B* — pTv) < 2.3 x 107% andB(B° — wy) <
1.2 x 1075 (at 90% C.L.). They have been combined, using isospin weifgtB — pv decays and
assuming3(B? — wy) = B(BY — p°+), to yield the improved upper lim8(B — py) < 1.9 x 1076,
The current measurements of the branching ratioS3for» K*v decays by BABAR [47],B(B? —
K*0v) = (4.2340.404-0.22) x 1075 andB(BT — K*Tv) = (3.8340.62+0.22) x 10~?, are then used to
set an upper limit on the ratio of the branching ratitigry/K*~) = B(B — pvy)/B(B — K*y) < 0.047
(at 90% C.L.) [63]. This bound is typically a factor 2 awayrfraghe SM estimates given above [44,57].
However, in beyond-the-SM scenarios, this bound providgishy significant constraints on the relative
strengths of thé — d~v andb — s+ transitions [57].

The extremal values aR(py/K*v) compatible with the SM UT-analysis are shown in Fig. 6.11
where the bands correspond to the valodg7 + 0.007 and 0.013 4+ 0.003 (the errors are essen-
tially driven by the uncertainty og). The meaning of this figure is as follows: any measurement of
R(py/K*v), whose central value lies in the rang@013,0.037) would be compatible with the SM,
irrespective of the size of the experimental error. Therarduced by the imprecise determination of
the isospin breaking parametérlimits currently the possibility of having a very sharp ingpdrom
R(py/K*v) on the UT analysis. This aspect needs further theoreticet.wo

3. Weak phases from hadronic B decays

M. Beneke, G. Buchalla (coordinator), M. Ciuchini, R. Fidier, E. Franco, Y.-Y. Keum, G. Matrtinelli,
M. Pierini, J.L. Rosner and L. Silvestrini

The next five contributions discuss the problem of extrgotieak phases from hadronic B decays.
The emphasis is on determining the CKM parameteaadc, or equivalent constraints gnands, from
exclusive modes with two light mesons in the final state, aglB — 7K andB — #7. This problem
is difficult since the underlying weak interaction processee dressed by QCD dynamics, which is
prominent in purely hadronic decays. Despite the geneffidulty, there are several circumstances that
help us to control strong interaction effects and to isdlageweak couplings:
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e Flavour symmetries: The impact of strong interactions may be reduced by eliririgatadronic
matrix elements through a combination of different chasnexploiting approximate flavour sym-
metries of QCD. Important examples are isosdiirspin (doublet ¢, s)) or, more generally,
SU3)F.

e Heavy-quark limit: The fact thatn, > Agcp can be used to simplify the theoretical description
of QCD dynamics in B decays. Within this framework amplitsdee expanded ihgcp/my,
long-distance and short-distance contributions are faet, and the latter can be treated in per-
turbative QCD. As a result the impact of nonperturbativerbait physics is reduced.

¢ Rich phenomenology: A large number of decay channels exists, which allows us fmoex
different approaches, to apply various strategies base@din flavour symmetries and to obtain
cross-checks for dynamical calculations based on faetioiz.

It has to be emphasized that this field is in a state of ongogwgldpment, both theoretically
and experimentally. On the theory side important questsiitisneed further study (general proof of
factorization, light-cone dynamics of the B meson, nunaraccuracy of heavy-quark limit in various
situations, size 06U (3) p-breaking corrections), while many valuable new data comtito be collected
by the experiments. It is worth noting that the approachegdan flavour symmetries and those using
dynamical calculations in the heavy-quark limit are compdatary to each other. For instance, correc-
tions from flavour symmetry breaking can be estimated withatorization. One may expect that the
most important results might eventually be obtained froemabmbined use of all the available options
mentioned above.

The following contributions summarize the status of thgestthas it was discussed at this work-
shop. The contributions of J.L. Rosner and R. Fleischerligighstrategies based on QCD flavour
symmetries to extrack and~ from B — 7K, 77 decays. The status of factorization is outlined by
M. Beneke. A critical point of view on extracting from global fits to hadronic modes is presented by
M. Ciuchini et al.. Finally, a phenomenological analysisdx on the hypothesis of hard-gluon domi-
nance ofB — « form factors is described by Y.-Y. Keum.

3.1. Weak coupling phases
J.L. Rosnef

The phases of CKM matrix elements describing charge-chgngieak couplings of quarks are
fundamental quantities. They are sometimes describednmstef anglesy = ¢, 8 = ¢1, andy = ¢3
in the unitarity triangle. Now that BaBar and Belle are cagugg on a value ofin(273), attention has
turned to ways of learning andy = m — 8 — a. This summary describes some recent work on the
subject.

In Sec. 3.1.1. we discus®® — 717~ in the light of recent measurements at BaBar [64] and
Belle [24] of time-dependent asymmetries. This work wadquered in part in collaboration with
M. Gronau [11,65,66] and in part with Z. Luo [12]. We then mienthow to learny from various
B — K decays (Sec. 3.1.2., collaboration with M. Gronau [11] aiitth W. Neubert [67,68])26 + ~
from B — D™ 7 (Sec. 3.1.3., collaboration with D. Suprun and C.W. Chigs®j)] and« and~ from
tree-penguin interference b — PP, PV decays, wheré is a light pseudoscalar and a light vector
meson (Sec. 3.1.4., collaboration with C.W. Chiang [70]&c.S3.1.5. is a short guide to other recent
work, while we summarize in Sec. 3.1.6.

*J.L. Rosner would like to thank C.-W. Chiang, M. Gronau, Zol.M. Neubert, and D. Suprun for enjoyable collaborations
on these subjects.
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3.1.1. Determination of fromB° — 77~ decays

We regarda, v as uncertain to about/4: 126° > a > 83°, 32° < ~ < 75° [11], in accord with
122° > a > 75°,37° < < 80° [71]. If B — 7+7~ were dominated by the “tree” amplitud@with
phasey = Arg(V,5Vua), the parameteh, = e~28AB” — nta)/AB° — 7+x~) would be just
e and the indirect CP-violating asymmety, = 2ImA,/(1 + |A.-|?) would besin 2c.. Here

0

dr { Eo‘tzo -/ } x e‘rt[l F Sprsin AMyt + Crp cos AMgt] (55)

dt | B'li=o — f

Crr = (1= Aerl?)/(1+ |Arr|?), andAT ~ AM,/200 has been neglected. In the presence of non-zero
AT one can also measurk,, = 2ReArr/(1 + [Arr|?). Since|Syz|? + [Crr|? + |Arz|?> = 1 one has
|Srx|? + |Crr|? < 1. However, one also has a penguin amplitddlévolving ab — d loop transition
involving contributions~ V., Vi, Vi Ve, andVi Vi, = —V5 Vi, — V2 Ve, The decay amplitudes are
then

AB° — wtn) = —(|T]ePr e + | PleF), AB" — ntn™) = —(|T|e?Te™ + |Ple?F), (56)

where the strong phase differenée= 6p — dr. It will be convenient to defing?,, = B(B" —

7t77)/B(B® = 7+ 7 )iree, WhereB refers to a branching ratio averaged oB¥randB’. One may
useS,, andC; to learna, §, resolving a discrete ambiguity with the help Bf . [65]. Alternatively,
one may directly us&; ., Crr, andR, to learnc, §, and|P/T| [66,72].

Explicit expressions foR ., S;» andC;, may be found in [65,66]. In [65] we estimatell/T'| =
0.276 4+ 0.064 (see also [10]), obtainingP| from B* — K’z via (broken) flavor SU(3) an{i’| from
B — wév. Plotting C, againstS,, for various values ofy in the likely range, one obtains curves
parametrized by which establish a one-to-one correspondence between a$airC;.) and a pair
(ar,0) as long agé| < 90°. However, if|d| is allowed to exceed abodd° these curves can intersect
with one another, giving rise to a discrete ambiguity cgroesling to as much &0° uncertainty ino
whenC;, = 0. In this case, whed = 0 or 7, one hag\,,| = 1 andS;, = sin2(a + A«), where
tan(Aa) = £(|P/T|siny)/(1 £ (|P/T| cos~) is typically £15°. One can resolve the ambiguity either
by comparing the predicte®,.. with experiment (see [65] for details) , or by comparing tHeveed
(p,m) region with that determined by other observables [71]. Asmeple is shown in [11].

Once errors ok, are reduced te-0.1 (they are now about three times as large [65]), a distinction
betweens = 0 andd = = will be possible whert,., ~ 0, as appears to be the case for BaBar [64].
For the Belle data [24], which suggeSt, < 0, the distinction becomes easier; it becomes harder for
Srx > 0. With 100 fb~! at each of BaBar and Belle, it will be possible to redudd’|?/|T'|? from its
present error of 44% anBi(BY — =7 ™) from its present error of 21% each to about 10% [12], which
will go a long way toward this goal. In an analysis indepenaénp /7’| performed since the workshop,
the somewhat discrepant BaBar and Belle values, gfandC,.., when averaged, favar between about
90° and120° (see Fig. 1 of [66]).

3.1.2. Determination of fromB — K= decays

~ fromB? — K+t7~ andB+ — Kzt

We mention some results of [11] on information providedBy— K* 7~ decays, which involve both
a penguinP’ and a treel” amplitude. One can use the flavor-averaged branching Batiad the CP
asymmetry in these decays, together withinformation from theBt — K%+ decay rate (assuming
it is equal to the charge-conjugate rate, which must be @cndl” information fromB — 7/v and
flavor SU(3), to obtain constraints on One considers the rati® = [B(B" — K+7~)/B(Bt —

K7 )] [r1 /0], where theB* /B lifetime ratio 7, /7 is about 1.07. Once the error on this quantity
is reduced tot-0.05 from its value of+-0.14 as of February 2002, which should be possible with 200
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fb—! at each of BaBar and Belle, one should begin to see usefutrearts arising from the value dg,
especially if errors on the ratio= |7”/P’| can be reduced with the help of better information'd.

~ fromBt — K+t7%andB+ — K7+

One can use the ratiB, = 2B(B* — K™7%)/B(B™ — K°™) to determiney [11,67,68]. Given the
values as of February 2008, = 1.25 £0.22, A. = [B(B~ — K—7%) — B(B* — K*7%)]/B(B+ —
K7+) = —0.13 £ 0.17, andr, = [T" + C'|/|p’| = 0.230 4 0.035 (hereC" is a color-suppressed am-
plitude, whilep’ is a penguin amplitude including an electroweak contrim)ti and an estimate [67,68]
of the electroweak penguin contribution, one finds< 90° or v > 140° at thelo level, updating an
earlier bound [11}y > 50°. A useful determination would involvA R, = +0.1, achievable with 150
fb~! each at BaBar and Belle.

3.1.3. Determination aig + ~ fromB — D™ 7 decays

The “right-sign” (RS) decayB’ — D™ ~x*, governed by the CKM factoV; V.4, and the “wrong-
sign” (WS) decayB’ — D®)~x+, governed byV*,V,,, can interfere througB’—B" mixing, leading

to information on the weak phag® + ~v. One must separate out the dependence on a strong hase
between the RS and WS amplitudes, measuring time-depeatsetvables

Ar(t) = (1+R* £ (1 — R*) cos Amt, Bi(t) = —2Rsin(28 + v =+ ) sin Amt, (57)

where R = |WS/RS| = r|V};Vip/V Vua| ~ 0.02r, with » a parameter of order 1 which needs to
be known better. In Ref. [69] we use the fact tiiatan be measured in the decBy — D**7° to
conclude that with 250 millioB B pairs one can obtain an error of less thad.05 on sin(28 + ),
which is expected to be greater than about 0.89 in the stdmdadel. Thus, such a measurement is not
likely to constrain CKM parameters, but has potential fofrdaresting non-standard outcome.

3.1.4. Determination ofr and~ fromB — PP, PV decays

Some other processes which have a near-term potentialdeidorg information on tree-penguin inter-
ference (and hence anand~) are the following [70: (1) the CP asymmetriesBrr — 7« n and7™1/;

(2) rates inBT — 'Kt andB? — »/K°; (3) rates inBt — nK** andB? — nK*?; and (4) rates

in Bt — wK* andB? — wK’. Other interesting branching ratios include thoseB6r— 7=~ K**,

BY - Ktp~, BT — 7% Bt — 7w, andB(+0) — y/K*(+0) with a story for each [70]. In order
to see tree-penguin interference at the predicted leveherds to measure branching ratios at the level
of AB=(1-2) x 1076,

3.1.5. References to other work

For other recent suggestions on measurtirand-y, see the review of [73] and the contributions of [74]
on the isospin triangle iB — 77 (), [75,76] onBT — DK™ (v), [77] onB? — DKg (26+7), [78] on
B — Kr (), [79] onB? — 7t7~ andB;, — KTK_ (v), and [80] onB® — K*7~ andBy, — K~ 7+
(7). These contain references to earlier work.

3.1.6. Summary

CKM phases will be learned in many ways. Whilés well-known now and will be better-known soon,

present errors o andy are aboutd5°. To reduce them td0° or less, several methods will help.

(1) Time-dependent asymmetriesli¥ — 7+7~ already contain useful information. The next step
will come when both BaBar and Belle accumulate samples oéast|100 fo'. (2) InBY — #ta~
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an ambiguity between a strong phaseear zero and one near (if the direct asymmetry parameter
Crr is small) can be resolved experimentally, for example byebeheasurement of th8® — 77—
branching ratio and thB — /v spectrum. (3) Severdd — K7 modes, when compared, can constrain
~ through penguin-tree interference. This has been recednior example, in [71]. (4) The rates in
severalB — PP, PV modes are sensitive to tree-penguin interference. Onesrie@deasure branching
ratios with errors less thahx 1076 to see such effects reliably.

3.2. Extracting ~ through flavour-symmetry strategies
R. Fleischef

An important element in the testing of the Kobayashi-Maskaicture of CP violation is the
direct determination of the angte of the unitarity triangle of the CKM matrix. Here the goal & t
overconstrain this angle as much as possible. In the presgfeew physics, discrepancies may arise
between different strategies, as well as with the “indiregs$ults for~ that are provided by the usual fits
of the unitarity triangle, yielding at present~ 60° [6,8,27].

There are many approaches on the market to determifier a detailed review, see Ref. [81]).
Here we shall focus o8 — 7K modes [11,78], [82—90], which can be analysed through flavou
symmetry arguments and plausible dynamical assumptioaisthel -spin-related decayB; — n 7,

B; — K™K~ [79]. The corresponding flavour-symmetry strategies allbe determination of; and
valuable hadronic parameters with a “minimal” theoreticgdut. Alternative approaches, relying on
a more extensive use of theory, are provided by the recemrtieldped “QCD factorization” [41,10]
and “PQCD” [91] approaches, which allow furthermore a reiuncof the theoretical uncertainties of
the flavour-symmetry strategies discussed here. Let usthatéhese approaches are also particularly
promising from a practical point of view: BaBar, Belle and EXR-11l may probey throughB — 7K
modes, whereas thé-spin strategy, requiring also a measurement oRtheneson deca3, — K™K,

is already interesting for run Il of the Tevatron [3], and &afully exploited in the LHC era [2]. A variant
for the B-factories [92], wher8, — KK~ is replaced by3; — 7w TK®, points already to an exciting
picture [93].

3.2.1. Studies dB — 7K decays

Using the isospin flavour symmetry of strong interactiorations betweeB — 7K amplitudes can be
derived, which suggest the following combinations to prob¢éhe “mixed” B* — 7K, By — 7 TK*
system [83-86], the “charged3* — 7*K, B* — 70K* system [67,68,88], and the “neutrdB,; —
7K, By — 7w TK* system [78,88]. Interestingly, already CP-averaBee:> 7K branching ratios may
lead to non-trivial constraints on [84,67,68]. In order taleterminethis angle, also CP-violating rate
differences have to be measured. To this end, we introdectoliowing observables [88]:

R | _ [BRBY — 7 K" +BR(B — 7TK")| 75+ (58)
Ao | | BR(B+ — 7TK%) + BR(B~ — 7~ KD) TR
Re | _, BR(BT — 7°K*) £ BR(B~ — 7°K™) (59)
A5 | 7 7 |BR(BT — 7tK?) + BR(B~ — n~KO)
R, | _1[BR®B)— 7 K*) £ BR®B) - 7*K") (60)
Ag |2 BR(BY — 70K°) + BR(BJ — 70KO) .

R. Fleischer would like to thank Andrzej Buras, Thomas Marme Joaquim Matias for pleasant collaborations on the
topics discussed below.
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If we employ the isospin flavour symmetry and make plausipieadhical assumptions, concern-
ing mainly the smallness of certain rescattering procesgebtain parametrizations of the following
structure [86,88] (for alternative ones, see Ref. [87]):

R(cn) A( - fUﬂCtIOﬂS(Q( )T(c,n)>5(c,n)>’7)' (61)

Hereq(. ) denotes the ratio of electroweak (EW) penguins to “tregs’,) is the ratio of “trees” to QCD
penguins, and. ,,) the strong phase between “trees” and QCD penguins. The Egupeparameters
q(c,n) AN be fixed through theoretical arguments: in the mixeceay$83-85], we have ~ 0, as EW
penguins contribute only in colour-suppressed form; indharged and neutrdd — 7K systemsg.
andg, can be fixed through thg8U (3) flavour symmetry without dynamical assumptions [67,6B8B,
Ther(,) can be determined with the help of additional experimemarmation: in the mixed system,
r can be fixed through arguments based on factorization [8818B] orU-spin [80], whereas. and
r, can be determined from the CP-averadetl — 77" branching ratio by using only th8U (3)
flavour symmetry [82,67,68]. The uncertainties arisinghis programme fronbU (3)-breaking effects
can be reduced through the QCD factorization approach (§2wthich is moreover in favour of small
rescattering processes. For simplicity, we shall neglech $SI effects in the discussion given below.

Since we are in a position to fix the parametgfs,) andr ), we may determing. ,y and
~ from the observables given in (61). This can be done separfaiethe mixed, charged and neutral
B — 7K systems. It should be emphasized that also CP-violatimgdifferences have to be measured
to this end. Using just the CP-conserving observablgs,), we may obtain interesting constraintspn
In contrast toy. ,y andr(. ,), the strong phasg.. .y suffers from large hadronic uncertainties. However,
we can getrid ob . ,) by keeping it as a “free” variable, yielding minimal and nrazi values for? . ,):

ext
Ricm)| s

= function( ¢ic..), T(cn)> Y ) - (62)
Sem) ((,) (cn) )

Keeping in additionr(. ,,) as a free variable, we obtain another — less restrictive tnmairvalue

min = function in?~. 63
©]r ey e (Q(c,n)ﬁ) sin” (63)
These extremal values &, ,,) imply constraints ony, since the cases correspondingli(‘ﬁti‘p ?Cliﬁ)

andRexp) > Rmax are excluded. Present experimental data seem to pointdeswalues fory that are
larger than90°, WhICh would be in conflict with the CKM fits, favouring ~ 60° [6,8,27]. Unfortu-
nately, the present experimental uncertainties do notlj@w ais to draw definite conclusions, but the
picture should improve significantly in the future.

An efficient way to represent the situation in the— 7K system is provided by allowed regions
in the R, ,,—AS™") planes [89,93], which can be derived within the Standard &lladd allow a direct
comparison with the experimental data. A complementaryyaisan terms ofy andd. , was performed
in Ref. [90]. Another recenB — 7K study can be found in Ref. [11], where tRg,) were calculated for
given values om((f) as functions ofy, and were compared with the B-factory data. In order to amaly
B — 7K modes, also certain sum rules may be useful [94].

3.2.2. Th&3; — n"n~ and theB, — K™K~ decays

As can be seen from the corresponding Feynman diagrBms;» K™K~ is related toB; — 77~
through an interchange of all down and strange quarks. Tteydemplitudes read as follows [79]:

, 1— )2 ot
e”+< v )d'ew], (64)

ABS — 7)o [ —de], AB) - KYK™) o
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where the CP-conserving strong amplitude¥ andd’¢?” measure, sloppily speaking, ratios of penguin
to tree amplitudes iB) — 77~ andBY — KTK~, respectively. Using these general parametrizations,
we obtain expressions for the direct and mixing-induced §fnanetries of the following kind:

AdL(By — nFn~) = function(d, 8, ~), A%X(By — nt7~) = function(d, 6, v, g = 28)  (65)
AdL(B, — KTK™) = function(d', ¢',v), AZX(B, — KTK~) = function(d', ¢, v, s ~ 0). (66)

Consequently, we have four observables at our disposatndiémg on six “unknowns”. However,
sinceB; — 7~ andB, — KK~ are related to each other by interchanging all down and g#ran
quarks, thd/-spin flavour symmetry of strong interactions implies

de? =det?. (67)

Using this relation, the four observables in (65,66) depemdhe four quantitied, 6, ¢, = 25 and~,
which can hence be determined [79]. The theoretical acgtsaanly limited by thel/-spin symmetry,
as no dynamical assumptions about rescattering proceasesthbe made. Theoretical considerations
give us confidence into (67), as it does not recdispin-breaking corrections in factorization [79].
Moreover, we may also obtain experimental insights fritepin breaking [79,95].

The U-spin arguments can be minimized, if t%—ﬁg mixing phasep, = 23, which can be

fixed throughB,; — J/1Ksg, is used as an input. The observahk®: (B, — 77 7~) and ABX(By —

77~ allow us then to eliminate the strong phasend to determind as a function ofy. Analogously,
Ad“ (Bs — KTK™) and A% (B; — KTK™) allow us to eliminate the strong phageand to deter-
mine d’ as a function ofy. The corresponding contours in thed andy—d’ planes can be fixed in a
theoretically clearway. Using now thd/-spin relationd’ = d, these contours allow the determination
both of the CKM angley and of the hadronic quantities 6, ¢’; for a detailed illustration, see Ref. [79].
This approach is very promising for run Il of the Tevatron dne experiments of the LHC era, where
experimental accuracies fgrof O(10°) [3] and O(1°) [2] may be achieved, respectively. It should be
emphasized that not only, but also the hadronic parametetsd, ¢’ are of particular interest, as they
can be compared with theoretical predictions, therebydtg valuable insights into hadron dynamics.
For other recently developdd-spin strategies, the reader is referred to [80,96].

3.2.3. Th&3; — ntx~ and theB; — 7TK* decays and implications fd, — KK~ decay

A variant of theB; — nt7n—, By — KTK~ approach was developed for theée~ B-factories [92],
whereB;, — KTK~ is not accessible: aB; — KTK~ andB; — nTK= are related to each other
through an interchange of theand d spectator quarks, we may replace iBg mode approximately
through itsB,; counterpart, which has already been observed by BaBare Relil CLEO. Following
these lines and using experimental information on the GRa@edB; — nTK* andB; — ntn~
branching ratios, the relevant hadronic penguin paramesar be constrained, implying certain allowed
regions in observable space [93]. An interesting situadinses now in view of the recent B-factory
measurements of CP violation By, — 77—, allowing us to obtain new constraints gras a function
of theBO—Bd mixing phasep,, which is fixed through4d@(B, — J/1Kg) up to a twofold ambiguity,
¢a ~ 51° or 129°. If we assume thatd@x(B;, — n+7~) is positive, as indicated by recent Belle
data, and that, is in agreement with the “indirect” fits of the unitarity migle, i.e.¢4 ~ 51°, also
the corresponding values fararound60° can be accommodated. On the other hand, for the second
solutiong, ~ 129°, we obtain a gap aroung ~ 60°, and could easily accommodate values+darger
than90°. Because of the connection between the two solutiong f@nd the resulting values fay, it is
very desirable to resolve the twofold ambiguity in the estin of ¢, directly. As far a3, — K™K~

is concerned, the data on the CP-averaBgd— =7, B; — nTK¥* branching ratios imply a very
constrained allowed region in the spaceAffs (B, — K+tK~) and A3L(B; — K+K™) within the
Standard Model, thereby providing a narrow target rangeuori| of the Tevatron and the experiments
of the LHC era [93]. Other recent studies relate®to— 77~ can be found in Refs. [11,97].
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3.3. Determining « with QCD factorization
M. Beneké

3.3.1. Outline of the method

The QCD factorization approach [41,98] puts the well-knd@&otorization ansatz [99] for hadronic
two-body B decay matrix elements on a firm theoretical bdsiseplaces the factorization ansatz by a
factorization formula that includes radiative correci@nd spectator scattering effects. Where it can be
justified, the factorization ansatz emerges in the simattas limit, whenmn; becomes large and when
radiative corrections are neglected.

The QCD factorization approach uses heavy quark expansethaus (2, > Aqcp) and soft-
collinear factorization (particle energies Aqcp) to compute the matrix elementg|O;|B) relevant to
hadronic B decays in an expansionlifin, and . Only the leading term il /m; assumes a simple
form. The basic formula is

(My My |O,[B) = FB~M1(0) / du T (1), ()
0
+ / dedudo T (€, u,v) B p(€)Da, (0)D s, (1), (68)

where FB=M1 is a (non-perturbative) form facto®,;, and® 5 are light-cone distribution amplitudes
andT!!T are perturbatively calculable hard scattering kernelghalgh not strictly proven to all orders
in perturbation theory, the formula is presumed to be valmboth final state mesons are lightZy(

is the meson that picks up the spectator quark from the B megdre formula shows that there is no
long-distance interaction between the constituents ofteeonl/,; and the(BM ;) system at leading
order in1/my. This is the precise meaning of factorization. For a dedadlescussion of (68) | refer
to [10,98]. A summary of results that have been obtained énQICD factorization approach is given
in [100].

Factorization as embodied by (68) is not expected to holdilieading order il /m;. Some
power corrections related to scalar currents are enhangdactors such as2 /((m., + mg)Aqep)-
Some corrections of this type, in particular those reladestalar penguin amplitudes nevertheless appear
to be calculable and turn out to be important numerically. tm other hand, attempts to compute
subleading power corrections to hard spectator-scagtémiperturbation theory usually result in infrared
divergences, which signal the breakdown of factorizatidnleast these effects should be estimated and
included into the error budget. All weak annihilation camitions belong to this class of effects and
often constitute the dominant source of theoretical error.

3.3.2. Uses of QCD factorization

If the corrections to (68) were negligible and if all the gtiges in (68) were known or computed with
sufficient accuracy, the QCD factorization approach wolilhaone to determine directly weak CP-
violating phases from branching fraction or CP asymmetrgsueements, if the corresponding decay has
two interfering amplitudes with different phases. In pregt depending on the particular decay mode,
one is often far from this ideal situation. Depending on tieotetical uncertainty or one’s confidence in
theoretical error estimates, | can imagine the followingausf the QCD factorization approach, where
in ascending order one makes stronger use of theoretiterritan experimental input.

1) Many strategies to determineare based on relating the strong interaction dynamics tdreifit
decay channels such that a sufficient set of measuremefds tlie weak phase together with the

M. Beneke would like to thank Gerhard Buchalla, Matthias btiand Chris Sachrajda for collaborations on the topics
discussed in this article.
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strong amplitudes (see the contributions by Fleischer aygh& in this Chapter). QCD factoriza-
tion can complement this approach where it has to rely onnagions. For instance, it may be
used to estimate SU(3) flavour symmetry breaking or to peosia estimate of small contributions
to the decay amplitude that one would otherwise have to oegpemake use of the amplitude
relations.

2) The QCD factorization approach generically predictsIssteong rescattering phases, because
rescattering is either perturbatively loop-suppressedower-suppressed in the heavy-quark limit.
(Exceptions to the rule of small phases occur when the lgadim in theos- or 1/my,-expansion
is suppressed, for instance by small Wilson coefficientssienEgf the quantitative prediction of
the strong phases turns out to be difficult, the qualitatesgult of small phases can be used to
sharpen the bounds onthat follow from some amplitude relations, or to turn the bdsi into
determinations ofy. An example of this in the context of a method suggested i (@B be
discussed below.

3) For predicting CP violation the ratio of two strong intetian amplitudesP/T', (often a ratio of a

pure penguin and a dominantly tree amplitude, which areiptiell by different weak phases) is
a particularly important quantity. Whil®/T is computed in the QCD factorization approach, one
may decide to use only the calculation of the absolute vER/&| and to dismiss the quantitative
phase information. The rationale for this procedure coeldhat the calculation of the imaginary
part is usually less accurate than the real part, because-op calculation determines the phase
only to leading order. For the same reason the value of theeplsanore sensitive to uncalculable
power corrections. In this procedure the phase informatiust be provided by an additional
measurement, for instance a direct CP asymmetry.

4) The full information of the QCD factorization approactemployed to compute two-body branch-
ing fractions as functions of the parameters of the CKM masince the) quark mass is not very
large it will be important to estimate the theoretical efrom power corrections.

The development of QCD factorization has not yet reachedsthge where one can decide which of
these strategies will turn out to be most useful. (The gsatE choice obviously also depends on
the amount of experimental information available that wiallow one to drop one or the other piece of
theoretical input.) Calculations afr andw K final states showed [10] that one obtains naturally the right
magnitude of penguin and tree amplitudes. The accuracyeafdltulation of strong phases is less clear
at present, but forthcoming measurements of direct CP agjries should shed light on this question.
The current limits favour small strong phases, but a quativé comparison may require a complete
next-to-leading order calculation of the absorptive paftthe amplitudes. It will also be important to
clarify the relevance of weak annihilation effects in thealeamplitudes. While the current data do not
favour the assumption of large annihilation contributici®y can also not yet be excluded. Bounds on
rare annihilation-dominated decays will limit the corresgding amplitudes.

3.3.3. Results related to the determinatiomof

The possibility to determine the CP-violating anglby comparing the calculation of branching fractions
into 7 and 7K final states with the corresponding data has been investigat[10] (see also [101]).
In the following | summarize the main results, referring 1@] for details and to [102,103] for partial
updates of the analysis of [10].

~ from CP-averaged chargeld — 7K decay

The ratio _
R — Br(BT — n7K%) + Br(B~ — 7~ K") (69)
* 2[Br(Bt — 7w9K*) +Br(B- — 7w0K~)]’
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currently measured ds71 + 0.10, provides a useful bound on[68,87]. The theoretical expression is
RV = 1+ 2835 cos ¢ (q — cosy) + 55/2(1 — 2qcosy + ¢%)

_ B 2 2 .2
< (1+53/2]q cos*y\) + &35 80", (70)

whereés /Qe"‘i’ is a tree-to-penguin ratio, whose magnitude can be fixed 8li#(B8) symmetry, ang an
electroweak penguin contribution, which can be determihedretically. (In this expression, a rescat-
tering contributions,, which QCD factorization predicts to be small, is neglegte@ihe inequality is
obtained by allowing the relative strong phast take any value. IR, is smaller than one, the bound
implies an exclusion region fatos~. The bound can be considerably sharpened, and the requiteme
R, < 1 relaxed, if the phase is known to be small. QCD factorizatierwell as bounds on direct CP
asymmetries suggest thats ¢ > 0.9. In [10] it was shown that assuming the more conservativgean
cos¢ > 0.8, the measurement a®,. combined with|V,;/V,| provides a determination of with a
theoretical error of about0°, if R, is close to 1.

v fromBy(t) — nT 7w~ decay

The QCD factorization approach allows us to interpret diyebe mixing-induced and direct CP asym-
metry inB; — 77~ decay without resort to other decay modes, since the trepemglin amplitudes
are both computed. The time-dependent asymmetry is defined b

) Br(BO(t) — ntn~) — Br(B(t) — n+n™)
P BHBO(t) — ) + Br(BY(t) — )

= —Sarsin(AMpt) + Crrcos(AMpt). (71)

Assuming that th&B mixing phase is determined experimentally via the mixindeiced CP asymmetry

in By4(t) — J/¥K decay, bothS,, andC,, are measures of CP violation in the decay amplitude and
determiney. In [10] it was shown that even a moderately accurate measneof.S,; translates into a
stringent constraint in thgp, 77) plane. The predicted correlation betwegn andC.. is shown in [102].

3.3.4. ~from CP-average® — 7K, m7 decay

Since the branching fractions are computed as functioneeo¥Nolfenstein paramete(g, 77), one can
perform a fit of (p, 77) to the six measured CP-averaged— =7, 7K branching fractions. The result
of this fit is shown in Fig. 6.12 based on the data as of May 2QUBe details of the fit procedure can
be found in [10], the input data in [102]). The result of theiditonsistent with the standard fit based
on meson mixing anV,,;|. However, therr, 7K data persistently exhibit a preference fonear90°,

or, for smaller~, smaller|V,;|. The significance and interpretation of this observatianaias to be
clarified.

3.3.5. Weak annihilation

Weak annihilation contributions are power-suppressedramaalculable in the QCD factorization ap-
proach. (This is one of the important differences betweer@ D factorization approach and the pQCD
approach described by Y. Keum in this Chapter.) The resigtaidsed above include an estimate of an-
nihilation effects together with an uncertainty deriveohfra-+100% variation of this estimate, encoded
in the constraintp4| < 1 for a certain weak annihilation parameter [10]. Since tloisstraint is often

a key factor in the overall theoretical uncertainty estemat will be important to obtain experimental
information on weak annihilation. The current datamonand= K final states do not favour large annihi-
lation contributions, but also do not exclude this posgibilThe upper limits on annihilation-dominated
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Fig. 6.12:95% (solid), 90% (dashed) and 68% (short-dashed) confidéned contours in thép, 77) plane obtained from a
global fit to the CP averageB — =K, w7 branching fractions, using the scanning method as desdriibg8]. The darker dot
shows the overall best fit, whereas the lighter dot indictiteest fit for the default hadronic parameter set. The {gjtaded

region indicates the region preferred by the standard gldivd8], including the direct measurement sifn (23).

charmless decays are not yet tight enough to provide integesonstraints. However, we can adapt the
estimate of annihilation contributions &, — D+ 7~ performed in [98] to the annihilation-dominated
decayB; — DI K™, recently observed with a branching fracti@h8 +1.1) - 10~° [104]. This results in

a branching fraction estimate df2 - 10~° for central parameters, or an upper lifit10~> upon assign-
ing a100% error to the annihilation amplitude. While the annihilatimechanism i3; — DK™ is
not identical to the dominant penguin annihilation ternBin~ 7K decay, the comparison nevertheless
supports the phenomenological treatment of annihilatigggsested in [10,98].

3.4. B — K, charming penguins and the extraction ofy
M. Ciuchini, E. Franco, G. Martinelli, M. Pierini and L. Sistrini

3.4.1. Main formulae

In this section we collect the main formulae for the amplsicbf B — K, 77, introducing the
parametrization used in the analysis. We refer the read#retditerature for any detail on the origin
and the properties of these parameters [105,106,107,E6&}n Ref. [107], one reads

ABy, - Ktn) = %(/\fPl — X(Ey — PleM))
ABT = Kt = % (NP = Xy (Br + By — POV 4 A1) + AA
AB* - K'rt) — G—\/g( NP+ XAy - PE) 4 A4
ABg — K% = %( — NP1 = My(By + PETMY) 4 AA (72)
ABa— 1) = SE((PL+ Py) = XL(B + Ay — PET) — PP
ABy — at7r%) = %( ~ (B + E2)) + AA
ABg — 1% = %( — N (Pr+ Py) = Mo(Bp + PEIM 4 PEIM — Ag)) 4 AA,

248



V| x 103 |Vip| X 103 Bi Fp,v/Bq (MeV) ¢
40.941.0 3.70£0.42  0.86+£0.06+£0.14  230+30+15  1.16+0.03+£0.04
fx(M%)  BETr7)x105  BEKF 7% %106 BEK7T)x10°  B(K%7)x10°
0324012  186+1.1 11.5+ 1.3 17.94+1.7 89423
f-(M2)  B(rtr7)x106  B(rtx%) %106 B(m07Y) x 106
0.27 +0.08 5.240.6 49411 <3.4BaBar

Table 6.4:Values of the input parameters used in our analysis. The @Gaged branching ratio8 are taken from Ref. [109].

Where)\g, = VgV, Neglecting thed;, these parameters can be rewritten as

Ey =afArk, Ey=a5Arg., A1 =A4=0,
Py =a$Arx + P, PEM = (4§ —a¥)Ari + PETM (73)

The terms proportional ta] give the parameters computed in the limif — oo using QCD factoriza-
tion. Their definition, together with those df i, Ak, etc., can be found for instance in Refs. [41,98,10],
although power-suppressed terms included there, propaitio the chiral factorsK , should be dis-
carded in egs. (73). In our case, in fact, term&Xf\,cp/m;) are accounted for by two phenomeno-
logical parameters: the charming-penguin param&eand the GIM-penguin parametBGfM . In
B — K there are no other contributions, once flavsiif(2) symmetry is used and few other doubly
Cabibbo-suppressed terms, including corrections to émnigsrameteds; and E», some annihilations
(A1) and the Zweig-suppressed contractionsA(), are neglected [107]. On the contrary, further power-
suppressed termslig, P3, PS'M) enter theé3 — w7 amplitudes, all with the same power of the Cabibbo
angle. Therefore, these modes are subject to a larger amtgrthan theé8 — K ones.

Using the inputs collected in Table 6.4, we fit the value oftheplex parameteP, = (0.13 £
0.02) eF(114£35)° - Notice that the sign of the phase is practically not coirsth by the data. This
result is almost independent of the inputs used for the CKMpatersy andn, namely whether these
parameters are taken from the usual unitarity triangleyaisa(UTA) [27,110] or only the constraint from
|Viuw/Vep| is used.

Mode UTA |Vib/ Ves|

B (107°) | Acpl B (107°) | Acp|
atr~ | 89433 0374017 | 87+36 0.39+0.20
atn0 | 54421 - 5.5+ 2.2 -

7070 1 0.444+0.13 0.6140.26 | 0.69+0.27 0.45+0.27
Ktr= | 184410 02140.10| 18.8+1.0 0.21+0.12
Kt70 | 103409 0.2240.11 | 10.7+1.0 0.22+0.13
Ko7% | 19.34+1.2 0.004+0.00 | 181 +1.5 0.00 + 0.00
Ko70 | 87+0.8 0.0440.02| 82412 0.04+0.03

Table 6.5:Predictions for CP-averaged branching ratiésand absolute value of the CP asymmettids »|. The left (right)
columns show results obtained using constraints on the CKidrpetersy andn obtained from the UTA (the measurement of

|Vus/Ves|). The last four channels are those used for fitting the chagnpienguin parametep; .
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For the sake of simplicity, we also neglect here the cortiobuof P#'M. TheB — Kr data
do not constrain this parameter very effectively, sincecaatribution is doubly Cabibbo suppressed
with respect toP;. The remainingr* 7~ mode alone is not sufficient to fully determine the complex
paramete ~101 M 1t is interesting, however, to notice that the GIM-penge@mtribution is potentially
able to enhance th8(B — 7%7°) up to few x 10~ [108].

Table 6.5 shows the predicted values of the CP-averagedtirgnratios3 and the absolute value
of the CP-asymmetrigsA¢p| for theB — Km andB — nw modes, since the data are not able to fix the
sign of asymmetries. Charming penguins are able to repeotha 7 data and are also consistent with
the onlymm mode measured so far. It is interesting to notice that tresiaheasurements improve the
consistency, for a comparison see refs. [106,108].

3.4.2. Remarks on different approaches

Since the different approaches aiming at evaluating pauppressed terms contain phenomenological
parameters, it is natural to ask whether, after all, theyegrévalent or not, even if the physical mecha-

nism invoked to introduce the parameters is not the samendwex this question, it is useful to compute

the parameter®, and PZ"* within improvedQCD factorization. They read

Py = riagAr + bsBrrc , PUM = rf(af — af) Aric (74)

where the functions! (b;) contain the complex parametgy; (p4), see Ref. [10] for the definitions.
These two parameters account for chirally-enhanced tesriggnating from hard-spectator interactions
and annihilations respectively, which are not computahthimthe improvedQCD factorization.

The functional dependence of the amplitudes on the phenaloginal parameters in the two
approaches is different. For instance, the GIM-penguiramater is a pure short-distance correction
in the improvedQCD factorization, since they dependence cancels out in the differenge- ag. In
practice, however, the main contribution of the phenomagioal parameters to tHeé — K7 amplitudes
comes from the annihilation termy, i.e. fromp, . This term behaves effectively as the charming-
penguin parameter, enhancing the Cabibbo-favored ardplitu

Notice that a vanishing 4 (and pg), which turns out to be compatible with the data, does not
mean that the phenomenological contribution is negligibtefact, the parameters are defined so that
the phenomenological terms are functionsXof ;) = (1 + pa(a)) log(ms/pn), Where the scalpy, is
assumed to be 0.5 GeV [10].

3.4.3. On the possibility of extracting

The presence of complex phenomenological parameters antipétudes makes the extraction-ptery
problematic. Using thél,;,/V,|-constrained fit, almost any value 9fis allowed, given the uncertainty
on P, see Fig. 6.13 (left). This seems a general problem whicternaldoubt recent claims proposing
non-leptonic B decays as an effective tool for the CKM matigtermination. Even more, we think that
the combination of the constraint froB — Kz decays ony with the others can even be misleading.
The reason is very simple; is looked for through the effect of interefence terms in trenbhing ratios.
The presence of a competing amplitude with a new phaseheerte containing the phenomenological
parameter, makes the extraction~omuch more complicated. Although weak and strong phases can
be disentangled in principle, in practice we checked thatamdy the task is very difficult now, but
the situation improves slowly as data become more accuests) when the CP asymmetries will be
measured.

Concerning various analyses based onitgrovedQCD factorization claiming to find a “large”
value ofy ~ 90°, we just notice that, as far as we know, they all assume thedjeu | < 1, suggested
in Ref. [10] as a theoretical prejudice and supported by tiservation that evefp4| = 0 produces a
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Fig. 6.13: Fits of v from B — K using charming penguins (left) and UTA + improved QCD faidation as a function of

max |pa| (right).

good fit toB(B — Km). A better fit, however, can be obtained lettijag | take values up to abougt
As shown in the right plot of Fig. 6.13, by doing so, the cdnition of the constraint from non-leptonic
B decays to a global fit of becomes totally negligible. In other words, frs| ~ 3, the annihilation
amplitude containing4 becomes competitive with the others, improving the fit to iseon the one
hand and weakening the predictivity gron the other.

3.5. Determination of the weak phase#s and ¢35 from B — 7w, K7 in the pQCD method
Y.-Y. Keurh

In this section, we focus on tHé — 77— andKn processes, providing promising strategies to
determine the weak phases@fandgs, by using the perturbative QCD method. The perturbative QCD
method (pQCD) has a predictive power demonstrated sudgssfexclusive two body B-meson decays,
specially in charmless B-meson decay processes[111]. tBydincing parton transverse mome#ta,
we can generate naturally the Sudakov suppression effedodesummation of large double logarithms
Exp[—% lnz(g—gj)], which suppress the long-distance contributions in thellsinaregion and give

a sizable average k% >~ AMgp. This can resolve the end point singularity problem andaatioe
applicability of pQCD to exclusive decays. We found that @irall of the contribution to the exclusive
matrix elements come from the integration region wherér < 0.3 and the pertubative treatment can
be justified.

In the pQCD approach, we can predict the contribution of famterizable term and annihilation
diagram on the same basis as the factorizable one. A folktwrannihilation contributions is that they
are negligible compared to W-emission diagrams due to ihektppression. However the operators
Os ¢ With helicity structure(S — P)(S + P) are not suppressed and give dominant imaginary values,
which is the main source of strong phase in the pQCD apprdaahwve have a large direct CP violation
in B — 77T, K=« T, since large strong phase comes from the factorized aatidnil diagram, which
can distinguish pQCD from other models (see the previousstvizections).

8Y.-Y. Keum would like to thank G. Buchalla and members of PQ@arking group for fruitful collaboration and joyful
discussions.

251



3.5.1. Extraction ofy(= a) fromB — 77~ decay

Even though isospin analysis Bf — w7 can provide a clean way to determine, it might be difficult

in practice because of the small branching rati®bf— 7°7°. In reality to determine),, we can use
the time-dependent rate 8 (t) — 7+~ including sizable penguin contributions. In our analysis w
use the c-convention. The amplitude can be written as:

ABY — 777) = —(|Tc| €7 &% + [P.| €lP) (75)

Penguin term carries a different weak phase than the dofriiregnamplitude, which leads to generalized
form of the time-dependent asymmetry.

When we defing?,., = Br(B? — 7777)/Br(BY — 777 7)|4ce, WhereBr stands for a branch-
ing ratio averaged oveB” andB?, the explicit expression fof,., andC, are given by:

Rix = 1—2R.cosé cos(py + ¢2) + R2, (76)
RinSxr = sin2¢s + 2 R. sin(¢1 — ¢2) cosd — R2sin2¢y, (77)
R.Crr = 2R, Sin(<;51 + ¢2) sin d. (78)

with R. = |P./T.| and the strong phase difference between penguin and treld@wdeps = op — 7.
The time-dependent asymmetry measurement provides tvatiegs forC,., and S, in terms ofR., §
andgs.

If we know R, andd, then we can determing, from the experimental data @i, versusS..,.

Since the pQCD method providég. = 0.23700f and—41° < § < —32°, the allowed range of
¢, at present stage is determinedsas < ¢, < 100° as shown in Fig. 6.14. Since we have a relatively
large strong phase in pQCD, in contrast to the QCD-facttomgd ~ 0°), we predict large direct CP
violation effect ofA.,(B® — 777~) = (23 + 7)% which will be tested by more precise experimental
measurement in future. Since the data by Belle Collabardfid] is located outside allowed physical
regions, we only considered in the numerical analysis themeBaBar measurement[112] wi#%
C.L. interval taking into account the systematic errors:

e Sir= 0.02+£0.344+0.05 [-0.54, +0.58]
o Crr=—0.30+0.25+0.04 [[0.72, +0.12].

The central point of BaBar data correspondgso= 78° in the pQCD method.

1

‘(91:25,50‘ RC:O.Z}jg:% , —41°%°< 5 <-32° ‘

0.5 |

Crn

-0.5

1
0.5 1

Fig. 6.14:Plot of C~ versusSx- for various values of, with ¢ = 25.5°,0.18 < R. < 0.30 and —41° < § < —32°in
the pQCD method. Here we consider the allowed experimeatgas of BaBar measurment whiria% C.L. Dark areas is

allowed regions in the pQCD method for differeftvalues.
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3.5.2. Extraction of3(= v) fromB® — K*7~ andB* — K’z " decays
By using tree-penguin interference B — K*n~(~ T + P') versusBT — KOzt (~ P'), CP-
averaged — K branching fraction may lead to non-trivial constraints lbads angle [84,67,68]. In
order to determinés, we need one more useful information on CP-violating rafferdinces[11]. Let's
introduce the following observables :
Br(B® — Ktr7) 7 9

R = ﬁ(BJF KO 7o =1—-2rg cosd cos s+ ri
'B°— K 7)) -I'(B°— Ktr)
I'(B- — Kor—) + I'(Bt — KOr)
= Acp(BO — K™7n7) Rg = —2rk sin ¢3 sin . (79)

A =

wherery = |T'/P'| is the ratio of tree to penguin amplitudesBn— Kz andd = 67w — dpr is the
strong phase difference between tree and penguin ampitédier elimination ofkin § in Egs. (8)—(9),
we have

Rx =1+7%+ \/47“%( cos? g3 — AZ cot? ¢s. (80)

Here we obtainrgy = 0.201 4+ 0.037 from the pQCD analysis[111] and, = —0.11 4+ 0.065 by
combining recent BaBar measurement on CP asymmet®’of- K*r—: A.,,(B° — Kfr~) =
—10.2 + 5.0 £+ 1.6% [112] with present world averaged value Bf; = 1.10 4 0.15 [113].

1.6
|Ag|=0.045
14 0.238
238
1.25
1.2 0.201 ,
cos 5< 0 e -~
e
- ¢ |Ag|=0.175 <D
cosd>0 I . 2=
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;\\\ ______ ‘,——’ 0.95
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|
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0.4 —] :
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Fig. 6.15:Plot of Rk versusgs withrx = 0.164,0.201 and0.238.

From Table 2 of Ref. [114], we obtaidy: = 157°, 67+ = 1.4° and the negativeos §: cosd =
—0.91. As shown in Fig. 6.15, we can constrain the allowed rangeésofvithin 1 ¢ range of World
AveragedR x as follows:

e Forcosd < 0, rg = 0.164: we can exclud®® < ¢z < 6°.
e Forcosd < 0, rxg = 0.201: we can exclud®°® < ¢3 < 6° and35° < ¢3 < 51°.
e Forcosd < 0, rxg = 0.238: we can exclud®® < ¢3 < 6° and24° < ¢3 < 62°.

When we take the central value of = 0.201, ¢35 is allowed within the ranges dfl° < ¢3 < 129°,
which is consistent with the results of the model-indepeb@KM-fit in the (p, 77) plane.
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3.5.3. Conclusion

We discussed two methods to determine the weak phasasd ¢3 within the pQCD approach through
1) Time-dependent asymmetries BY — 7T, 2) B — Kx processes via penguin-tree interfer-
ence. We can already obtain interesting boundgpand¢s from present experimental measurements.
Our predictions within pQCD method is in good agreement withsent experimental measurements in
charmless B-decays. Specially our pQCD method predictagya irect CP asymmetry B — 7+7~
decay, which will be a crucial touch stone in order to digtisy our approach from others in future pre-
cise measurements. More detail works on other methodsin K7 andD™*)« processes will appear
elsewhere [114].

4. K — mvw decays
G. Isidori and D.E. Jaffe

4.1. Theoretical description

Thes — dvw transition is one of the rare examples of weak processesenbading contribution starts
at O(G%). At the one-loop level it receives contributions only fréfapenguin andV-box diagrams,
as shown in Fig. 6.16, or from pure quantum electroweak &ffeSeparating the contributions to the
one-loop amplitude according to the intermediate up-tygerkjrunning inside the loop, we can write

O(Nmf) +i0(N°mi) (=)
Als = dvw) = 37 ViVead, ~  § O(m2) +i0Nm2) (4= (81)
q=u,c,t O(/\A%QCD) (=)

whereV;; denote the elements of the CKM matrix. The hierarchy of tledsents would favour up- and
charm-quark contributions; however, thard GIM mechanism of the perturbative calculation implies
A ~ mz/MI%/, leading to a completely different scenario. As shown orrtns. of (81), where we have
employed the standard CKM phase conventibnl(,, = ImV,,; = 0) and expanded thg;; in powers

of the Cabibbo angle, the top-quark contribution dominatgk real and imaginary parts. This structure
implies several interesting consequences4¢s — dvv): it is dominated by short-distance dynamics,
therefore its QCD corrections are small and calculable ntupeation theory; it is very sensitive d,,
which is one of the less constrained CKM matrix elements; likely to have a large CP-violating phase;
it is very suppressed within the SM and thus very sensitivpdssible new sources of quark-flavour
mixing.

Fig. 6.16:0ne-loop diagrams contributing to the— dv v transition.

Short-distance contributions td(s — dvv), are efficiently described, within the SM, by the
following effective Hamiltonian [115]

Gr o

ﬁml > [)‘chVL + )\tX(UCt)] (3d)v—a(mv)v-a , (82)

287;"77—

Hegs =

wherez; = m} /M3, and, as usual), = V% V,q. The coefficientsXy, and X (z;), encoding charm-
and top-quark loop contributions, are known at the NLO aacyiin QCD [116,117] and can be found
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explicitly in [115]. The theoretical uncertainty in the domant top contribution is very small and it is
essentially determined by the experimental erroman Fixing theMS top-quark mass tan,(m;) =
(166 + 5) GeV we can write

mt (mt)

1.15
—_— =151=£0.05. 83
166 GeV} g 0.05 83)

X(z,) = 151 {

The simple structure df(. s leads to two important properties of the physisal- 7vv transitions:

e The relation between partonic and hadronic amplitudes ésmtionally accurate, since hadronic
matrix elements of they*d current between a kaon and a pion can be derived by isospimeymy
from the measurel 5 rates.

e The lepton pair is produced in a state of definite CP and angatanentum, implying that the
leading SM contribution td&; — 7°v7 is CP-violating.

The largest theoretical uncertainty in estimatiBK*t — =*vi) originates from the charm sector.
Following the analysis of Ref. [115], the perturbative e¢harontribution is conveniently described in
terms of the parameter

1

Po(X) = M |3

2 XS, + 2 X%y | = 0.42 +0.06. (84)

3
The numerical error in the r.h.s. of Eq. (84) is obtained fraronservative estimate of NNLO correc-
tions [115]. Recently also non-perturbative effects idtroed by the integration over charmed degrees
of freedom have been discussed [118]. Despite a precisaastiof these contributions is not possible
at present (due to unknown hadronic matrix-elements)gethan be considered as included in the uncer-
tainty quoted in Eq. (847. Finally, we recall that genuine long-distance effects aisséed to light-quark
loops are well below the uncertainties from the charm sqats].

With these definitions the branching fractionk6f — 7" v can be written as

BIK* — ntup) = ’;—; (ImA)2X2 (1) + (MReAPH(X) + Re/\tX(mt))z] . (s

where [115]
3a2B(KT — 7% tv)

272 sin? Oy

Ry = Tx+ = 7.50 x 107° (86)
andryi+ = 0.901 takes into account the isospin breaking corrections nacgs$s extract the matrix
element of thesd)y, current fromB(K+ — n%*v) [120].

The case oK — 7% is even cleaner from the theoretical point of view [121]. 8ese of the
CP structure, only the imaginary parts in (82) —where thermahzontribution is absolutely negligible—
contribute toA(Ko — 7v7). Thus the dominant direct-CP-violating componentgk ;, — %uvp) is
completely saturated by the top contribution, where QCDermions are suppressed and rapidly conver-
gent. Intermediate and long-distance effects in this meege confined only to the indirect-CP-violating
contribution [9] and to the CP-conserving one [122], which both extremely small. Taking into ac-
count the isospin-breaking corrections to the hadroniaimmalement [120], we can write an expression
for theK; — 7%vw rate in terms of short-distance parameters, namely

B(KL — WOVD)SM )\2 ( (87)

my (mt) ] 2.30 {Im)\t ] 2
167 GeV b ’

Im\;)2X2(z;) = 4.16 x 10710 x [

which has a theoretical error bel®%.

¥ The natural order of magnitude of these non-perturbativesctions, relative to the perturbative charm contributie
m/(m? In(m?/M3,)) ~ 2%.
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At present the SM predictions of the tvi0 — 7 rates are not extremely precise owing to the
limited knowledge of both real and imaginary parts\ef Taking into account all the indirect constraints
in a global Gaussian fit, the allowed ranges read [123/1124]

BK" — ntuvd)qy = (0.72£0.21) x 10710, (88)
By — i)y = (0.2840.10) x 10710, (89)

The high accuracy of the theoretical predictions36K+ — 7 *vv) andB(K;, — 7’v) in terms
of modulus and phase of; = V%V, clearly offers the possibility of very interesting testsflaivour
dynamics. Within the SM, a measurement of both channelsdvprdvide two independent pieces of
information on the unitary triangle, or a complete detewtion of 5 and7 from AS = 1 transitions.

In particular, B(K* — ntvi) defines an ellipse in thg—ij plane and3(K{ — 7Yv) an horizontal
line (the height of the unitarity triangle). Note, in additi that the determination efn 23 which can
be obtained by combining(K{ — #%vv) andB(K+ — 7Tvw) is extremely clean, being independent
from uncertainties due tm; andV,, (contrary to the separate determinationg ahd7) [9].

In principle a very precise and highly non-trivial test o€t@KM mechanism could be obtained
by the comparison of the following two sets of data [9]: th@ & — wv© rates on one side, the ratio
AMp,/AMp, andacp(B — J/VKg) on the other side. The two sets are determined by very differe
loop amplitudes AS = 1 FCNCs andAB = 2 mixing) and both suffer from very small theoretical
uncertainties. In particular, concerning tie — 7" v mode, we can write [123]

(KT — n7vw) = Ry |V |* X=(24) |Vep|2 X (24

2
UR? sin? § + % <Rt cos 0+ XIL(X)J ] , (90)

whereR; is determined bYAMp, /AMp, [115],**

(91)

andsin § from acp(B — J/PKg). In the next few years, when the experimental determination
acp(B — J/YKg), AMp,/AMg,, and B(K™ — =tvi) will substantially improve, this relation
could provide one of the most significant tests of the Stahdidodel in the sector of quark-flavour
dynamics.

Present experimental data Bn— wvv rates do not allow yet to fully explore the high-discovery
potential of these CKM tests. Nonetheless, we stress tleaevidence of th&K™ — #twvi decay
obtained by BNL-E787 already provides highly non-trivianstraints on realistic scenarios with large
new sources of flavour mixing (see e.g. Ref. [123,125,126]).

4.2. Experimental status and future prospects

The Brookhaven experiment E787 [127] searched for the d&cay- = v by stopping approximately
25% of a 670, 710, 730 or 790 MgV K* beam at~ 5 MHz with ~ 25% = contamination in
a scintillating-fiber target along the axis of a 1-T solembithagnetic spectrometer. The rand®),(
momentum P) and energy £) of charged decay products are measured using the targetalcerift
chamber and a cylindrical range stack composed of 21 layfgutastic scintillator with two layers of

I'As pointed out in Ref. [124], the errors in Egs. (88)—(89) berreduced iRe\; andIm); are directly extracted from
acp(B — J/UKg) andex; however, this procedure introduces a stronger sengitiwithe probability distribution of the
(theoretical) estimate dBy .

** As usual we defing = (Fs, /Fz,)\/Bs./Bs, ando = 1/(1 — 7).
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Fig. 6.17:History and prospects for the studyBfK ™ — 7 vo)(left) andB(K? — 7°vo)(right). The points with error bars
are measured branching fractions, the solid points are ufipgts at 90% CL and the open points or squares are singleeve
sensitivities. The dashed line is a nearly model-indepeniirit based on the E787’s results fB(K+t — «*vo) [126]. The

horizontal bands are the 68% CL SM expectations.

tracking chambers. Detection of the decay sequence— pt — e* in the range stack provided a
powerful tool againsK* — u*v(v) decays. Adr-sr calorimeter consisting of lead/scintillator layers in
the barrel (14 radiation lengths) and undoped Csl crystatss endcap (13.5 radiation lengths) were used
to veto photons and suppreEs- — 779 background. Incident kaons were detected and identified by
Cerenkov, tracking and energy loss detectors along the bestraided in the suppression of backgrounds
due to scattered beam pions and the charge exchange prbaesesulted ik — 7*¢~v decays
(¢~ = e ,u7) in the target.

E787 has a long history, summarized in Fig. 6.17, that hakteéhe development of a relatively
robust analysis strategy. The strategy begins \&itpriori identification of background sources and
development of experimental tools to suppress each baskdreource with at least two independent
cuts. In the search for such rare processes, backgrourdioejeannot be reliably simulated, instead it
is measured by alternatively inverting independent cutsraeasuring the rejection of each cut taking
any correlations into account. To avoid bias, cuts are deterd using 1/3 of the data and then the
backgrounds rates are measured with the remaining 2/3 sarBpickground estimates are verified by
loosening cuts and comparing the observed and predicted, riatst in the 1/3 sample, then in the 2/3
sample. Simulated signal events are used to measure theeggaahacceptance fd&{* — 7 v and
the acceptance is verified with a measuremett(@®* — 7+ 7). The pre-defined signal region ity P
and F is not examined until all background estimates are verifigd.anticipated that similar strategies
will be employed in further investigations &f — 7o decays.

Brookhaven E787 was completed in 1998 and has observed tdidedes for the decali ™ —
7T vw in the pion momentum region 211 to 229 MgMvith an estimated background @fi5 + 0.05 in
a sample 06.9 x 10'2 stoppedK™ that corresponds to [127]

B(K' — nvp) = (15.775%) x 10711 (92)

The probability that the two candidates are entirely dueackground i9.02% . In addition a search
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in the momentum interval 140 to 195 Mg¥in a sample ofl.1 x 10'? stoppedK* yielded a single
candidate upon an estimated background.@8 + 0.18 corresponding to a limiB(Kt — ntvi) <

420 x 10~ at 90% C.L. [128]. Such a search below the peak of the two Boty— 7 7° decays has
the potential not only to augment the statistics of the highementum sample, but also to investigate the
shape of the?(7 1) distribution predicted by the SM. In addition, the searcbosmewhat complementary
to that of the higher momentum interval because the backgraidominated bkt — 7+7° decays

in which the charged pion undergoes a nuclear interactidngnarget near the kaon decay vertex.

E949 is an upgraded version of E787 with an expected netdrerén sensitivity of at least a
factor of 5 based on 6000 hours of running time or 5-10 SM evEr9]. The main detector upgrades
are an increased photon veto capability, both in the endedjbarrel regions, as well as trigger and data
acquisition improvements. E949 recently accumuldtéd< 102 stopped kaons< 1/9 of E949's goal)
and additional running is expected in 2003 assuming sufii¢iending is forthcoming.

The CKM experiment at Fermilab expects to attain a singlanesensitivity of1 x 1072 that
would correspond te- 100 KT — 7t v events assuming the SM value of the branching fraction [130]
Such a measurement would achieve a statistical precisiopa@ble to the current theoretical uncer-
tainty in the branching fraction. CKM departs from the EF¥9 technique by using kaon decays in
flight in a 22 GeV'¢, 50 MHz debunched beam with 60% kaon purity. The experimélhuge photon
veto technology similar to E787 and KTeV with the additiorriog-imagingéerenkov detectors to aid
in kinematic suppression of backgrounds. The use of intfligton decays means that the dominant
K+ — 7ntx0 background in E787’s search in the lower momentum regiomlshoot be present at
CKM [131]. CKM should be taking data in the second half of tthécade.

The progress concerning the neutral mode is much slower. adicated experiment has started
yet and the best direct limit is more than four orders of magld above the SM expectation [132]. An
indirect model-independent upper bounditiX ;, — 7°v7) can be obtained by the isospin relation [126]

K'Y — 7tvp) =T(Kp — 7TOI/I7) +I'(Kg — 7T01/77) (93)

which is valid for anys — dvv local operator of dimensior 8 (up to small isospin-breaking cor-
rections). Using the BNL-E787 result (92), this impliB$K; — 7vv) < 1.7 x 1079 (90% CL).
Any experimental information below this figure can be tratesdl into a non-trivial constraint on possible
new-physics contributions to the— dvv amplitude.

The firstK; — 7%vv dedicated experiments are E391a at KEK [133] and KOPIO abiBra-
ven [134]. E391a is envisioned as a two-stage experimentvdnattempt to use a highly collimatel
beam and a hermetic veto to observe high transverse momeritogar the endpoint of th&{ — v
spectrum with a technique similar to previous searches][13e first stage of E391a is regarded
as a pilot experiment and will use the KEK 12 GgMproton beam and should begin data taking in
2003. If successful, it could push the limit #{K{ — 7%v) to within an order of magnitude of the
SM expectation (Fig. 6.18). An aggressive second stagesiengi use of the high intensity 50 Ggv
proton beam from the Japanese Hadron Facility(JHF) to raaihgle event sensitivity &f x 104 or,
equivalently,~ 1000 SM events.

The KOPIO experiment will attempt a new approach, using arabienched, low momentum
beam, time-of-flight and a high precision electromagneaticguiator and calorimeter to fully reconstruct
the kinematics of th&k{ — 7% decay. Coupled with highly efficient charged particle andtph
vetoes, KOPIO will be able to exploit the E787 strategy ofejpeindent kinematic and veto cuts to
measure all backgrounds with the data. The goal of KOPIO isglesevent sensitivity of.5 x 10713
or the capability to obtain 40 SM events with a signal to backgd of 2 corresponding to a precision
on J or 7 of ~ 10%.

As anticipated, one of the most interesting test of the CKMma@ism could be obtained by
the comparison of the tw& — 7v rates on one side vs. the ratidMp,/AMp, andacp(B —
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Fig. 6.18: Comparison of the impact of hypothetical measurementseoKth— 7w branching fractions by E949 and KO-
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at 68.3, 95.45 and 99.7% CL are indicated for the K measurésndfor the B measurements, the points indicating the three

contours overlap. See text for details.

J/WKg) on the other side. As an illustration, in Figure 6.18 we cd@sthe comparison of the two B-
physics measurements, assumed tag( B — J/VKg) = 0.75 £ 0.02 andAMp,/AMp, = 17.0+
1.7 ps~!, with the twoK — mvi rates, both assumed to be twice the corresponding SM piedidthe
uncertainties of8(K — wvv) measurements are those expected by E949, CKM and KOPIOieques
attaining their expected sensitivities. The correspogdionstraints in the—; plane have been derived
assuming Gaussian uncertainties for all quantities, usiedgayesian statistics option of the CKM fitter
program [135]. Negligible uncertainty ifi;| is assumed in placing thE measurements in this-
centric rendering of the UT. Note that the alternative, equally fameéntal, parametrization of the UT
using the\; plane would remove the need for this assumption [136].
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Chapter 7

SUMMARY AND HIGHLIGHTS

With over two hundred participants, more than eighty pregems in plenary and parallel sessions, and
twelve discussion sessions, the first Workshop on the CKMadity Triangle provided an opportunity

for an exploration of the status, open issues, and futurectiims in the understanding of the quark
mixing matrix. Thirteen more months for the preparationtos$ report have allowed to update results,
refine most of the studies presented in February 2002, anda@uetence to their presentation. It has
also been an opportunity for the participants to discudbéurand to reach a consensus on several issues
which had been debated at the Workshop. As a result, theseqaiimgs could be written in the form of a
coherent document with a common signatory list for eachtemaporresponding to the original working
groups. On some issues we agreed to disagree: the contimwtihis Workshop series will have to
address these subjects.

The main goal of this first Workshop was to review the statuthhefCKM Unitarity Triangle at
the end of the B physics studies at LEP, SLD and CESR and dthanband-over of the responsibility
for their continuation, with even higher accuracy and derisi, to the B factories and the Tevatron.
Chapter 1 introduces the CKM matrix and the Unitarity Trien@JT), briefly describes the theoretical
framework, and recalls the development of the B physicsiesuitiroughout a decade characterized by
the operation of the LEP and SLC colliders, the Tevatron Rand their role in complementing the data
obtained at CESR.

The cleanest way to measure the individual elements of the @kxing matrix is the determina-
tion of the yield of tree-level semileptonic processes Wwtgan be reliably computed. These measure-
ments have reached their full maturity thanks to both theemsingly large data sample available, and
the advancements in the theoretical understanding. Qhapsedevoted to the determination (3f,|
from K,3 decays and that di,,;| from super-allowed Fermi transitions and neutron betayleThe
relative accuracy ofV,s| has now reached the 1% level while that|®f),| is approaching a factor of
twenty better. This requires special attention in evahgathe theoretical uncertainties that affect these
determinations. In fact, they represent a large fractiotheftotal uncertainty in both cases. A likely
explanation of the present 2e2discrepancy in the unitarity relatioir,y|? + |Vis|? + [Vis|? = 1is an
underestimate of these effects. In the absence of a cleiaatiwh of which uncertainty has been under-
estimated, it has been proposed to take the vidiyg = 0.2240 + 0.0036 as a conservative estimate of
|Vus|, which assumes CKM unitarity. Possible improvements, tvisin be expected for both,, | and
|V.al in the near future, are discussed. Particularly promissrige extraction ofl,s| from K3 decays.
Here we soon expect new, precise data with a consistenieeatof radiative corrections and, at the
same time, new theoretical evaluations of #1é(3) breaking effects. Concernind,,|, a challenging
opportunity for experiment is offered by the theoreticallganr.3 decay.

The other class of tree-level decays which is central to tkMCT studies is represented by the
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b — clv andb — wulv processes, which give access¥,| and|V,;|, respectively. The discussion of
the status of the extraction of these two CKM elements haacattd a large part of the participants and
of the presentations at the Workshop. The third chapterisfréport tries to summarize the status, with
important updates from the Summer 2002 conferences.

With the statistical accuracy approaching the few peroevellfor some of these measurements,
an important issue here is to carefully test the underlyim@ptetical assumptions. Both inclusive and
exclusive decays are routinely studied. The measuremeif.g9ffrom exclusive decays is limited by
the theoretical uncertainty on the value of the form factomaximumg? (see Table 7.1). A detailed
analysis of lattice QCD results and their uncertainty is mwailable. Progress in these studies, as well
as more precise data from the B factories, are expected. rtamfigorogress has been made during and
after the Workshop on thg/.,| extraction from inclusive semileptonic decays. The cur@gturacy
of experimental measurements is at the percent level. Vyeifeurbative QCD corrections have been
studied in different frameworks and the related unceryaseems under control, the non-perturbative pa-
rameters appearing in the Operator Product Expansion (B&€)to be constrained using experimental
data. Several new analyses of the moments of distributiorsgiinileptonic and radiative decays have
appeared in the last year. Their results demonstrate thghdicant fraction of the uncertainty di,|,
arising from these parameters, can be absorbed in the mgrdal uncertainty. As shown in Table 7.1,
the remaining theoretical uncertainty is now at the leveh @lercent. The consistent picture emerging
from these preliminary studies represents a remarkableesador the OPE and bolsters confidence in
the inclusiveg V.| determination, as no violation of parton-hadron duality heen detected at the present
level of accuracy.

The CKM-suppressed counterpart of the» ¢/ process is thé — ufv decay which measures
|Vs|, the smallest element in the CKM mixing matrix. Since it®rigtonly about 1/60 of that fdr — ¢
transition, measuring this charmless decay accuratelffasnaidable experimental challenge. We have
known for more than a decade that this process is presenkghapioneering measurements by ARGUS
and CLEO. The non-vanishing ¢¥,;| is a pre-requisite for explaining CP violation within thea&dard
Model (SM). Knowing its magnitude accurately is a top pitipfor testing the CKM UT. In this respect,
significant progress has been made. Theorists have devisaulzer of strategies to pin down the value
of |V,,»| with good accuracy. Large data sets, complementary kirieahatharacteristics of the signal
events afl'(45) and Z° energies, and experimental ingenuity have provided afsignt set of results.
None of them is approaching the accuracy obtainedVgy and the debate in the community on these
fairly recent developments is still lively. But the resultbtained with very different methods, are all
consistent and the overall accuracy amounts to better th#n(dee Table 7.1).

Another important area of studies of tree-level B decaysgudised in Chapter 3, is represented
by the determination of the exclusive and inclusbsbadron lifetimes. Those for the lighter mesons
are presently known to an accuracy of one percent, or bé&wB’ andb-baryons important data has
already been gathered and the Tevatron is expected to reactasimilar accuracy. Lifetime differences
betweenb-hadrons have been compared with expectations from OPEtmte understanding of the
non-spectator contributions to beauty hadron decays. eAthis comparison has shown a consistent
agreement between predictions and measurements in thenreestor, the measured ratio of baryon
to meson lifetimes deviates from its initial expectatiorhisThas been interpreted as a possible signal
of problems in the underlying theory assumptions. Howernerch better agreement with data is re-
established once the NLO corrections are included.

There remain two CKM element§y;;| and|V,|, which have been so far accessed only through
box diagrams. They can be probedHGQ/—KO anng,s —Eg,s mixing. The experimental status of these

studies and that of the non-perturbative calculationB gf \/ Bg,Fg,, \/ Bp, Fp,, and¢ is reviewed in
Chapter 4.

The theoretical discussion has centred on the determimafithe non-perturbative parameters for
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Parameter Value Experimental| Theory
uncertainty | uncertainty
A 0.2240 0.0036 -
[Vep| (x1073) (excl.) 42.1 1.1 1.9
|Vep| (x1073) (incl.) 41.4 0.7 0.6
V| (x107%) (excl.) 33.0 2.4 4.6
|Vis| (x107%) (incl. LEP) 40.9 5.8 3.3
|Vis| (x10~%) (incl. CLEO) 40.8 5.2 3.9
AMy (pst) 0.503 0.006 -
AM; (pst) > 14.4at95% C.L. sensitivity 19.2
Fp,\/ B, (MeV) 223 33 12
¢ = %% 1.24 0.04 0.06
Bg 0.86 0.06 0.14
sin 26 0.734 0.054 -

Table 7.1:Main experimental and theoretical results entering the ¢ledmination. Other parameters of interest can be found

in Chapters 2-5.

neutral meson mixing. FoFp, and¢, lattice calculations with two dynamical flavours of quadse
becoming common and the firt-1 dynamical calculations have appeared. Much attentiondaséd

on the chiral extrapolations needed to obtain the physesllts, particularly fog, with a final lattice
value for UT fits given ag = 1.24(4)(6). QCD sum rules give very consistent results for the B meson
decay constants, slightly less so for tBeparameters. For neutral kaon mixing the benchmark lattice
calculations are quenched and lead to the final result giwefable 7.1. The systematic uncertainty
includes the estimate for quenching effects and is coreitler be very conservative (a more aggressive
error estimate is given in Sec. 2.2. of Chapter 4). The begtldped alternative technique to evaluate
By is the largeN, expansion and gives a consistent result, although thel cloingections are more than
100% in this case.

The time structure oB°-B° oscillations has been precisely measured inBfiesector. The LEP,
Tevatron and SLC results are in excellent agreement witbetlubtained at the B factories. After the
inclusion of the latter, the oscillation frequenéyM,; is known with a precision of about’d (see Ta-
ble 7.1). Further improvements are expected, which shoufd) the accuracy om\ M, to a few per
mille.

On the other handBS—Eg oscillations have not been observed yet, even though theriexgntal
effort has allowed to largely exceed the anticipated siitgit Today we know that3Y mesons oscil-
late at least thirty times faster thdsf, mesons. The final result of the searches at LEP and SLC is
AM, > 14.4 ps~! at 95% C.L., with a sensitivity oA M, = 19.2 ps~!. While this much sought-after
phenomenon has so far eluded searches, the consequentitoiwen AM; has already a significant
impact on the determination of the UT parameters.

The extraction of the UT parameters from all these inputthiwihe Standard Model, is discussed
in Chapter 5, which represents a central part of this WorasHeive quantities have been considered
to constrain the upper apex of the UT in thej plane. These arex, |Vi|/|Ves|, AMg, the limit
on AM, and sin 2 from the measurement of the CP asymmetry in fi@ K" decays. Comparing
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the measured values of these observables with their thearptedictions (in the SM or in a different
model) yields a set of constraints, which however depenaweeral parameters, like quark masses, decay
constants of B mesons and non-perturbative parametets,asiig,. Their values are constrained by
both measurements and theoretical calculations whichesrewed in Chapter 4.

Different methods have been proposed to combine this irdbom and extract the UT parameters.
They differ in the treatment of the theoretical uncertastior which they adopt either a frequentist or a
Bayesian approach. Despite much interest in these stuthes/stematic comparison of these methods
had been performed before this Workshop. Moreover, diffeesssumptions on the input parameters
made any comparison of published results difficult. At therlk&bop, different groups agreed to share a
common set of input values (see Table 5.1), provided by tlewaet working groups. In spite of using
the same central values and errors, the likelihood funstiassociated with the input parameters are
different in the two approaches. As a consequence, therrelgifining the 9% (99%) confidence level
for the UT parameters is wider by %0(20%) in the frequentist as compared to the Bayesian approach.
Further tests have shown that, if the same likelihoods aed @@ input quantities, the output results
become almost identical. The main origin of the differeneeneen the results in the Bayesian and the
frequentist method is therefore the likelihood associ&tdte input quantities. But these differences will
decrease progressively as the theoretical uncertainfiebevreduced or related to experimental ones.
An example of the latter is the extraction [®f;| from inclusive decays, where — as already mentioned
— experimental constraints from the moments have repldoedretical estimates in the aftermath of
the Workshop. It is also expected that additional inputd kel determined using unquenched Lattice
simulations.

Independently of the statistical method adopted, a cruzidome of these investigations is the
remarkable agreement of the UT parameters, as determinatbags of CP conserving quantities sen-
sitive to the UT sides, with the CP violation measurementhénkaon sectore) and in the B sector
(sin23). This agreement tells us that, at the present level of acguthe SM mechanism of flavour and
CP violation describes the data well. At the same time, it5s an important test of the OPE, HQET and
Lattice QCD, on which the extraction of the CKM parametestgeThe present accuracy is at the 10%
level; the B factories and a next generation of facilitiedl improve the sensitivity of these tests by an
order of magnitude. The study of the impact of the unceiisrin the theoretical parameters on the UT

fits has shown that the uncertainties,fi3 5, Fz, have to be decreased by at least a factor of two in order

to have a significant impact on the UT fits — unless future datins result in/ Bp, Fiz, values which

differ significantly from present results. In the casef and in particulai, even a modest reduction
of the theoretical uncertainty could already have an ingmtrimpact on the UT fits.

The output for various quantities of interest can be foundiahle 5.5; a pictorial representation
of the fit is shown in Fig. 5.2. UT fits can also be used to obtaadigtions for quantities that will
only be measured in the future, such as &/, oscillation frequency, predicted to be 22.2 ps!,
and the angley, predicted to be between 49.8nd 77.0. These 95% confidence levels ranges may be
considered as a reference to which the direct measuremdhtseed to be compared for identifying
possible signals of New Physics.

While the determination of the triangle sides and the d&dmiof the procedures for the UT fits
had a central role at the Workshop, a number of topics, whidhbecome of increasing importance at
future meetings, started to be addressed. They are prdsentedividual contributions in Chapter 6. At
this stage, general strategies for the determination of/fh@eed to be formulated. Preliminary studies
show that the pairs of measuremefis(), (v, Ry,) and(~,7) offer the most efficient sets of observables
to determine(p, 77). On the other hand the paiRk;, 5) will play the leading role in the UT fits in the
coming years and for this reason it has been suggested tdhgl@vailable constraints on the CKM
matrix in the(R;, ) plane. The preseritr;, 3) plot corresponding to the usugd, 77) plot can be found
in Fig. 6.5.
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There are more measurements of B decays which are relevirg @KM studies. Radiative rare
B-decays, very sensitive to New Physics in loops, have beegiswed for their potential relevance in
probing the CKM UT. The combined studies of radiative deday® non-strange hadrons are sensitive
to (p,77) and could in principle provide interesting constraints e UT, provided that the theoretical
errors can be reduced and that the branching fractions aveadely measured.

The decay8 — 7K, B — nr andB — KK are emphasised as useful tools for the determination
of the anglesy and~. Here flavour symmetries and recent dynamical approadkeQICD factorization
and pQCD play the dominant role in the phenomenology. Theistaf QCD factorization has been
outlined and also the critical points in view of a possibl&&stion ofy have been described.

Finally, the potential of the rare decajst — 7tvw andK;, — #v% with respect to the de-
termination of the UT has been discussed. These decayssamrtiedly free of theoretical uncertainties
but are subject to parametric uncertainties suchvasor K™ — 7w andV,, for both decays. These
uncertainties should be reduced in the coming years sohbdititure measurements of these decays will
provide very important independent measurements, paindsin 25 and more generally of the UT pa-
rameters. The comparison of these measurements with thteaed by B decays offers a very powerful
tool for testing the SM and its extensions.

The CKM Workshop contributed to demonstrate the richnedsvariety of the physics landscape
related to the CKM matrix and the Unitarity Triangle. Resultom the LEP, SLC, CESR and Teva-
tron experiments have already provided us with an impragsgio outline of this landscape, which the
B factories and the Run Il at the Tevatron are now revealingréater detail. While the CKM matrix
appears likely to be the dominant source of flavour and CRitiam, New Physics contributions may still
modify the shape of the UT and be revealed by forthcomingiaesudn this context the measurements
of the angley in non-leptonic B decays and thoseAf\/; will mark important new steps in the search
for New Physics in thegs-77 plane. The present deviation from the SM expectation of tRea§/mmetry
in BY — ¢Kg also awaits a clarification, and the improved data on sevarel decays will be very
important in this programme. All this will be the subject afdire CKM Workshops.
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